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ABSTRACT

REGULATION OF SELECTION AND CENTRAL TOLERANCE BY THE N-TERMINAL

REGION OF RAG1

Thomas Niels Burn

Edward Malachi Behrens

The RAG1/RAG2 complex rearranges antigen receptor gene segments during VDJ
recombination to allow for the generation of a vast array of antigen receptors with
specificities against a virtually infinite number of insults. Direct consequences of VDJ
recombination include the formation of non-functional receptors, and receptors that are
self-reactive. For aff T cells, mechanisms have evolved to delete cells bearing non-
functional and self-reactive T cell receptors (TCRs) from the peripheral repertoire. These
mechanisms rely on self-antigen:TCR interactions of intermediate affinity during
development. However, the requirement for TCR selection on self-peptides results in a
tenuous state where some autoreactive TCRs might not signal for deletion. A mechanism
to limit this outcome is one where T cells have heightened TCR sensitivity during
development such that the self-antigen they are selected on will no longer be stimulatory
upon reencounter in the periphery. How this mechanism is regulated is unknown. The
RAG1/RAG2 proteins have recently been shown to have functions in addition to VDJ
recombination, including induction of a transcriptional program that is necessary for the
expression of a number of lymphocyte-specific genes. We show that the N-terminal
domain of RAG1 acts to control expression of a number of proteins during T cell

development. Identification of a novel nonsense mutation in the N-terminal region of RAG1

vi



lead us to identify a number of N-truncated isoforms that are made via internal translation
initiation. Using a mouse with an inactivating mutation in the N-terminal E3 ligase domain
of RAG1, we show that N-terminal RAG1 activity is essential for the upregulation of a
number of TCR signaling molecules during development. In the absence of this activity,
positive and negative selection are impaired, and mature T cells are hyper-active and
cause disseminated pathology when transferred into RAG1” hosts. Correspondingly,
mutations in the N-terminal, non-catalytic region of RAG1 are associated with autoimmune
diseases. We propose a model where RAG1 acts as a biological clock to tune up TCR
signaling during development; and hypothesize that N-truncated RAG1 isoforms can have
regulatory roles in VDJ recombination and perhaps lead to heterogenous self-antigen

reactivity within developing thymocytes.
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CHAPTER 1: INTRODUCTION

1.1: An adaptive immune response

The arms race between potentially deadly pathogens, and the organisms that they target,
has driven the evolution of an extensive array of mechanisms by which species as
genetically simple as bacteria, or as complicated as vertebrates, have developed to
protect themselves. The ‘immune systems’ of these different classes of life must have

three essential components in order to be effective mechanisms of defense:

1. They must be able to defend against a pathogen that they have never encountered
before, nor have any pre-determined knowledge of its form.

2. They must be able to remember pathogens that they have previously encountered
to prevent re-infection in the future.

3. They must specifically recognize only non-self, in order to prevent self-destruction.

Viruses, which are obligate parasites, are common enemies of both bacteria and
vertebrates alike. Viruses that infect bacteria, bacteriophages, are one of the most
common and diverse lifeforms on the planet (1-3), and bacteriophages remove
approximately 20-40% of all bacterial cells from the oceans of the world each day (4). The
mechanism by which bacteria develop immunity to such constant attacks is through a
method that can be thought of as ‘viral capture’. The CRISPR (clustered regularly
interspaced short palindromic repeats) system that has gained extensive sex appeal in
recent years due to its ability to precisely edit DNA in mammalian systems (5, 6), was
evolved as a mechanism by many species of bacteria to recognize, capture, and store

pieces of non-self, bacteriophage genomes, destroy the genome of the invading phage,



and rapidly defend against any future phage invasions with similar genetic information (7-
10). Thus, CRISPR provides a beautifully elegant mechanism by which, with a relatively
simple genome, bacteria can defend against viral infection in a specific and remembered

fashion.

Instead of adopting a ‘capture and destroy’ approach to defense against unknown
pathogens, jawed vertebrates have evolved an ‘observe the protein universe but ignore
self approach. In the late 19" century, Emil von Behring and Shibasaburo Kitasato
showed that transfer of serum from animals previously infected with tetanus and diphtheria
was able to both prevent infection in uninfected recipients, as well as cure infected
animals, thus displaying for the first time a system of both specific and remembered
immune protection, garnering the first Nobel Prize in Medicine (11, 12). Not long after,
Paul Ehrlich proposed a theory, known as the “Side-Chain Theory”, which stated that
specific receptors present on cell surfaces can, upon encounter with a specific ‘toxin’, be
cast off to act as soluble ‘anti-toxin’ (13, 14). This theory, also worthy of the Nobel Prize,
was the basis for the clonal selection theories of Jerne and Burnet, 60 years later (15, 16).
Burnet’s clonal selection theory is the presently accepted theory. Briefly, the clonal
selection theory, and the basis for the adaptive immune system of jawed vertebrates, is
such that cells circulate throughout the body expressing an exceptionally diverse array of
receptors capable of observing the entire universe of prospective antigen. When an
individual cell encounters an antigen it can ‘see’, extensive expansion of this ‘clone’
occurs, and a series of events unfold to see eliminate the offending antigen. Such cells,
classed ‘lymphocytes’ express on their surfaces, highly specific antigen receptors and are

divided into two varieties: B cells, which upon activation secrete the soluble effectors

2



described by von Behring and Shibasaburo, known as antibodies; and T cells which act
as field generals to coordinate the immune response through production of cytokines, and

can kill infected cells to stop the spread of intracellular pathogens.

The major problem of the clonal selection theory is that is seemingly impossible to
encode in the genome of a human, enough receptors in order to protect against the
universe of possible invading pathogens. The extent of this problem is evident within the

following numbers:

e The human genome: ~3x10° base pairs (bp) (17)

¢ Length of cDNA to encode a T cell receptor: ~1200bp (TCRp only)(18)

e Estimated number of naive T cells in an adult human: 3x10"" cells (19)

e Estimated number of unique TCRp sequences in an adult human: 1x10° (20) to
1x108 (21)

e DNA required to encode 10°-108 different TCRp’s: ~1x10° to ~1x10"" bp, i.e. 40%

of, to 40x the total human genome.

Even the lower end of this estimate is unfeasible given only ~1% of the human genome is
protein coding, (~3x10’ bp), and encodes for ~21000 proteins, far less than the expected
number of different TCRp chains expected to be present in an adult human (10°-10%).
Additionally, these figures only account for one chain of the T cell receptor (discussed in
more detail further along), and do not include B cell receptors (with an estimated 10°
unique receptors (22)). Luckily, evolution has garnered humans with a mechanism that

can generate in excess of 10" different T cell receptors (19, 23), that are encoded by less



than 2.5Mb of genomic DNA, less than 0.1% of the total human genome (combined length

of TCRB and TCRa loci - NCBI).

1.2: Development of T cell receptor diversity

The development of antigen receptor diversity in humans and other vertebrates involves
the somatic rearrangement of germline encoded DNA segments that was first described
for the immunoglobulin heavy chain (IgH, the heavy chain of the B cell receptor) (24-26).
Subsequently, the T cell receptor was shown to rearrange in similar fashion (18, 27, 28).
Formation of the B and T cell receptor via this mechanism is known as “VDJ

recombination”.

The structure of the T cell receptor is such that it contains two chains, either TCRa
paired with TCRp, or TCRy paired with TCR&. The majority of T cells within humans and
mice, contain af TCRs and these T cells are the focus of this dissertation. The locus of

TCRp consists of the following elements (from 5’ to 3’) (29):

e “Variable” (V) gene segments (n=30)
o “Diversity” (D) gene segments (n=2)
¢ “Joining” (J) gene segments (n=12, 6 adjacent to each D segment)

¢ Constant (C) gene segment

In order to generate diversity, a D segment is rearranged with a J segment, before one of
the V segments rearranges to this DJ combination. Each of these recombination events

either deletes out, or inverts the intervening DNA (29). The TCRa locus (which serves also

as the TCR& locus) contains similar elements but lacks D segments hence only requires



a V->J rearrangement. Likewise, heavy (IgH) and light (Igk or Ig\) chains recombine
similarly for construction of the B cell receptor. The pairing of different V regions with
different D and J regions provides “combinatorial diversity”, but further diversity comes
from the variable addition or subtraction of nucleotides between each of the recombined
regions, termed “junctional diversity” (26, 30). Finally, different TCRp chains can pair with
different TCRa chains to form the fully rearranged T cell receptor. Hence, with a relatively
small amount of genetic material, an incredible amount of diversity can be achieved

between TCRs of different T cells.

1.3: The VDJ recombination reaction

Flanking the V, D, and J gene segments are conserved DNA sequences termed
‘recombination signal sequences’ or RSS’s. These RSS’s consist of heptamer and
nonamer sequences that are separated by either a 12 or 23 bp spacer sequence (29, 31).
The recombination activating gene complex (RAG — discussed in more detail in section
1.4 below), recognizes RSSs flanking gene segments that are to be recombined, and
brings them in close proximity to each other (32, 33). The 12/23 rule, which requires that
an RSS with a 12bp spacer is recombined with an RSS containing a 23bp spacer, provides
control over which segments are permitted to recombine, and in which direction (34-36).
For example, the 3’ end of Vg segments contain 23bp RSSs and the 5’ end of Dg segments

contain 12bp RSSs, thus ensuring the correct 5 to 3’ orientation of V->DJ (37).

The RAG complex contains endonuclease activity, such that after it has bound two
RSSs, and brought them in close proximity (mechanisms of which will not be discussed
here), a single stranded DNA cut is made between the RSS and the relevant gene

segments (i.e. V, D, or J). At this point, the RAG complex, along with HMGB1 or HMGB2
5



(38), holds in close proximity the two coding ends (the ends of the V or D or J segments),
and two signal ends (the ends with the RSS sites) that terminate in covalently sealed
hairpins (39). The hairpins are opened by the proteins Artemis and DNA-PKcs (40), before
the free DNA ends are ligated together via non-homologous end joining (NHEJ) that
utilizes the proteins Ku70, Ku80, XRCC4, DNA Ligase |V, and XLF (39, 41). The precise
position of the opening of the hairpin by the Artemis:DNA-PKcs complex can vary from 1-
4 nucleotides from the tip of the hairpin (42), and at this stage, the enzyme TdT can add
nucleotides to these junctions (43). Both of these mechanisms contribute to the junctional
diversity between ligated gene segments that was discussed earlier. The orientation in
which the RAG and HMGB proteins hold the DNA ends results in the formation of two
DNA joins; a coding join that links a V to a D, or a D to a J segment, and a signal join
linking two RSSs together. The signal join is either spliced out as an excision circle or

inverted depending on the orientation of the sequences being joined.

1.4: The recombination activating gene (RAG) complex

Key in this reaction, and essential for the production of T cell and B cell receptors, and
thus adaptive immunity, is the RAG complex. The RAG complex is a hetero-tetramer
consisting of two RAG1, and two RAG2 proteins. Both RAG1 and RAG2 are essential for
formation of functional antigen receptors, and absence of these genes leads to T and B
cell severe combined immunodeficiency (SCID) (44, 45). Indeed, ‘domestication’ of the
RAG complex from a transposon was key to the evolution of this strategy of antigen
receptor rearrangement, and adaptive immunity that was adopted by jawed vertebrates

(46).



RAG1 contains the catalytic domain that is necessary for DNA cleavage, but RAG1
and RAG2 are both required for any catalytic activity to occur. The focus of this thesis lies
with RAG1 and hence the following discussion will be centered on the structure and
function of RAG1. RAGH1 is a protein of 1040 amino acids (mouse, human = 1043) and
consists of ‘core’ and ‘non-core’/'N-terminal domains’ (Figure 1-1). The core domain
contains the minimally essential components that are required for VDJ recombination,
including RAG2 binding, nonamer and heptamer binding, and endonuclease domains
(39), yet in RAG1°" mice, VDJ recombination is impaired (47, 48) suggesting N-terminal
regions of RAG1 have roles in VDJ recombination and T cell development. Indeed, the
RAG1 N-terminus contains an E3 ubiquitin ligase domain that monoubiquitylates histones
to enhance RAG cleavage (49-53); binds a kinase that helps repair RAG double stranded
DNA breaks (DSBs) (54); and associates with another ubiquitin ligase, VprBP, and an
RNA splicing factor for which potential functions of these interactions remain unknown
(54-57). The goal of this discussion is to introduce the idea that RAG1 may have functions

in addition to its key role in VDJ recombination.

1.5: ap-T cell development and central tolerance

Now that | have introduced the mechanisms and some of the key proteins behind the
generation of a diverse antigen receptor repertoire, a mechanism that can theoretically
make >10"° different receptors from ~2.5Mb of genomic DNA, | will acknowledge the sharp
blade on the other side of this powerful sword. In making such a diverse repertoire of
receptors, it is with high probability that many of these created receptors will be specific to
‘self’ and thus can cause autoimmune reactions. Additionally, because of the imprecise

nature of annealing at the signal joins, two-thirds of VDJ rearrangements will be out of
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frame, and lead to no functional TCR expression. The thymus is the specialized organ in
which T cells develop (58). Humans with genetic abnormalities that lead to the absence
of a thymus, such as in DiGeorge Syndrome/22q11.2 deletion syndrome, have severely

impaired T cell development and T cell lymphopenia (59).
The thymus serves two major functions to address the issues stated above:

1. It ensures that T cells without a functional TCR are removed from the
peripheral repertoire.
2. It ensures that T cells with self-reactive/autoreactive TCRs are removed

from the peripheral repertoire.

T cells develop from hematopoietic stem cells (HSCs) from the bone marrow. Within the
bone marrow HSCs can be directed to gain lymphocyte and lose myeloid differentiation
capacity to become the common lymphoid progenitor (CLP) (60). CLPs contain B cell, T
cell, and NK cell differentiation capacity (60). CLPs can then migrate to the thymus and
enter the cortical region as early thymic progenitors (ETP) or DN1 (double negative 1 — as
determined by absence of CD4 and CD8 surface expression) cells (Figure 1-2 A). These
cells which are CD44"cKIT*CD25 then upregulate CD25, and down-regulate CD44/cKIT
to become DN3 cells (61)(Figure 1-2 A). At this stage, TCRp is rearranged. In order for
further developmental progression, successful rearrangement of the TCRp chain, pairing
of this TCRp with pre-Ta to form the pre-TCR, and pre-TCR signaling is required. Upon
pre-TCR signaling, RAG expression is suppressed which is essential to prevent
recombination of the other TCRp allele (62, 63), and hence the possibility of dual TCRp

expression. In the absence of the pre-TCR signal due to an out-of-frame rearrangement,
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RAG can continue to rearrange the second allele of TCRp to improve the odds of the
formation of a functional TCRp (63). No ligand is thought to be necessary for pre-TCR
signaling (64, 65). Pre-TCR signaling also induces a proliferative burst and cells progress

to the DP stage of development (66) (Figure 1-2 B).

At the DP developmental stage, the majority of the cells exist as CD69°CCRY7,
Stage 1 cells (Figure 1-2 C), and here is when TCRa is rearranged. Upon successful
rearrangement of a functional TCRa chain and pairing with TCRp, cells get a TCR signal
if they can successfully bind peptide:major histocompatibility complexes (MHC) on the
surface of cortical thymic epithelial cells (cTECs) or cortical dendritic cells (cDCs), a
process known as “positive selection” (67). Positive selection results in upregulation of

CD69 (Figure 1-2 C). Three important things to note here:

o Approximately 50million DP thymocytes are produced each day in a mouse, and
90% of these will die by ‘neglect’ because they were unable to successfully
rearrange TCRa, or they made a useless TCR (67, 68).

o A useful TCR must detect the combination of peptide and MHC. MHC molecules
present short peptides that originate from within the presenting cell (69). For
functional TCR signaling with an pMHC complex, a co-receptor must also bind
(CD8 for MHCI, CD4 for MHCII). Since DP cells express both, positive selection
can occur on either MHCI or II.

¢ By necessity, the peptide:MHC complexes that developing aff T cells observe are
presenting self-peptide, or at the very least altered self as cTECs have been shown

to express a thymus-specific proteasome (69). The thymic proteasome degrades



proteins in the thymus in a slightly different manner than the normal proteasome,
but even these proteasomes lead to expression of ~70% of commonly presented

peptides (69).

Given the necessity for some degree of self-reactivity for successful positive selection,
herein lies another problem: how does the thymus prevent escape of autoreactive cells?
Successful positive selection of cells will subsequently upregulate CCR7 allowing
migration of these cells into the medulla (70, 71) (Figure 1-2 C). Within the medulla,
medullary thymic epithelial cells (mMTECs) express a significant array of tissue restricted
antigens that they may encounter in the periphery, such as insulin, by virtue of their
expression of the transcription factor AIRE (72, 73). Here, should these developing T cells
get a strong TCR signal (where strong is determined by high TCR:pMHC affinity/avidity),

they will die via negative selection: thus ‘central tolerance’.

Cells remain in the medulla for approximately 2-4 days, and those that do not
encounter a strong TCR signal (hence do not robustly recognize “self’) downregulate
CD69 (Stage 5, Figure 1-2 C), which allows them to respond effectively to S1P signals in
blood, and leave the thymus via the thymic vasculature as mature CD4 or CD8 SP cells
(74) (Figure 1-2 C). Failures in central tolerance can lead to severe autoimmunity, as
evidenced by humans and mice that lack AIRE (75, 76), mice that lack CCR7 and therefore
have difficulty enter the thymic medulla (70), and mice that have defects in TCR signaling

(discussed below) (77-79).

The balance between positive selection and negative selection is a conceptually

fine line. On one hand, T cells are required to signal on self-peptide:MHC, but on the other,
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if they signal too strongly, they are deleted. These outcomes are intrinsically linked to the
strength of a TCR signal, and in settings where TCR signaling is impaired, selection fails
and more autoreactive cells can escape (77-79). Developing thymocytes can only
progress if they bear intermediate affinities to self-peptide, known as the “Goldilocks Zone”
of TCR sensitivity. One mechanism that has been proposed to resolve the tension
between positive and negative selection both occurring on self-peptide, is the concept of
differential TCR “tuning” (80-87). Tuning the threshold for TCR sensitivity higher in the
thymus would allow for more successful positive selection and more stringent negative
selection, because self-peptides would be able to generate a stronger signal at both
selection checkpoints (80-87). TCR detuning in the periphery then would limit
autoreactivity because weak self-peptide signaling for positive selection is no longer
needed, while stronger self-peptide signaling (i.e., autoimmunity) would be attenuated by
detuning (80-87). How this mechanism is regulated remains unclear. Such a system
should be tightly regulated to stages of development within the thymus. Chapter 3 of this
thesis proposes that the tightly controlled expression of RAG1 (and thus RAG2) acts as a
biological clock to time upregulation of signaling molecules during T cell development in

order to enhance positive and negative selection.

1.6 RAG-mediated transcriptional alterations in development

When DNA breaks are detected, a transcriptional program is initiated by the DNA repair
factor, ATM (88-90). Part of this transcriptional response is mediated via p53 activation,
and drives a pro-apoptotic transcriptional program (91). Since DNA DSBs are a
requirement of VDJ recombination, such a response would be detrimental to the

development of T and B lymphocytes. More recently, two papers from the Sleckman group
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have described the activation of RAG-specific transcriptional responses (92, 93). RAG-
mediated DNA double stranded breaks in developing B cells activate the NFkB pathway,
and induce the expression of pro-survival genes, other lymphocyte-specific genes, and a
transcriptional repressor, SpiC, in order to repress expression of cell-cycle genes (92-94).
One such pro-survival gene upregulated in this manner is Pim2 which acts as a survival
factor by phosphorylating and deactivating the pro-apoptotic molecule BAD (95). Recently,
the Bassing Lab has shown that in addition to transcriptional regulation of proteins such
as Pim2, RAG1 can upregulate the expression of such proteins at the post-transcriptional
level, and this is dependent on the N-terminal region of RAG1 (Unpublished Data,
Personal Communication). Chapter 3 of this thesis proposes that the N-terminal region of
RAG1, with a special focus on the E3 ligase domain of RAG1, controls the level of

signaling molecules within T cells during development, to tune up TCR signaling.

1.7 Alternative translation, and the proteome

Absence of RAG1 leads to T/B SCID, however hypomorphic mutations in RAG1 that
decrease but do not ablate activity can lead to Omenn Syndrome (44, 96, 97). Omenn
Syndrome is a disease of concurrent autoimmunity and immunodeficiency. Typically,
Omenn Syndrome patients present with B cell/T cell lymphopenia, autoreactive T cells,
high IgE, eosinophilia, and erythroderma (98). Of particular note were a series of patients
with frameshift mutations in the N-terminal region of RAG1 (99). Such mutations are
predicted to lead to early protein translation termination and nonsense-mediated mRNA
decay, yet the presence of T and B cells necessitated residual RAG activity, and hence

presence of RAG1. It was hypothesized that internal translation initiation downstream of
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the canonical translation initiation site (TIS) was able to lead to the production of N-

truncated RAG1 isoforms (99).

Ribosome profiling implies internal translation initiation generates N-truncated
isoforms for ~15% of the ~20,000 human proteins (100-103). Yet, our understanding of
mechanisms that control internal translation initiation and how resulting N-truncated
isoforms function normally and contribute to disease are at infancy (102). Protein
synthesis typically starts at 5’AUGs in Kozak sequences (i.e. the TIS) (103-105).
Translation initiation factors recruit ribosomes to mMRNA 5’ caps from where ribosomes
scan 5-to-3’ and start making protein at the most 5’ TIS encountered (103-105). It has
been experimentally validated that ~30 mammalian mRNAs have internal ribosome entry
sequences (IRES) that allow ribosomes to begin scanning downstream of the most 5’ TIS
and initiate translation at an internal TIS (105-112). Ribosomes also have been shown to
pass the Pim2 mRNA 5’AUG (leaky scanning) (113) or be halted by 5’ hairpin structures

and transferred to internal AUGs of the Hsp70 mRNA (shunting) (114).

While the description of the human patients with frameshift mutations in RAG1
hypothesized that internal translation initiation lead to formation of internally translated
RAG1 isoforms, the mechanism and whether these products are formed in normal
circumstances remained unexplored. This is further addressed in Chapter 2. Additionally,
the role of internal translation in human disease, and whether nonsense and frameshift
mutations such as in RAG1 are pathogenic in other disease systems is unclear. This is an

area requiring immediate attention.
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1.8:  Structure of thesis

While the structure and function of RAG1 in terms of its role in VDJ recombination has
been well elucidated, in recent years it has been shown to have roles in addition to this
recombination activity. Specifically, the N-terminal domain of RAG1 is necessary for the
expression of a number of proteins during T cell development. This thesis addresses two

pertinent points with regard to this:

In Chapter 2, | describe a mouse with an N-terminal nonsense mutation in RAG1
that leads to the formation of N-truncated RAG1. Through analysis of this mouse, and in
vitro biochemical assays | describe how N-truncated isoforms are made via internal
translation initiation. Most importantly, these alternative isoforms are present in normal
settings as well. Since N-truncated RAG1 isoforms have differing abilities in terms of
recombination activity, and that these isoforms can form part of the RAG1:RAG2 hetero-
tetramer, | propose the novel concept that RAG1 normally exists in multiple isoforms and
that these isoforms can have regulatory roles with regards to VDJ recombination and T/B

cell development.

In Chapter 3 | describe specifically how the E3-ligase domain is required for
efficient expression of signaling molecules during T cell development, and that in the
absence of functional RAG1 E3 ligase activity, positive and negative selection of T cells
is disrupted. T cells that leave the thymus of these mice are hyper-functional and are able
to cause more severe immune-driven pathology in a model of T cell transfer. That RAG1
is involved in T cell development in such a way is a novel conceptual advance that possibly
links the ideas of suboptimal RAG function, and the development of autoimmunity, with a

hypothesized mechanism.

14



Finally, in addition to discussion around the potential activities of RAG1 N-terminal
truncated isoforms in normal biology, mechanisms of their formation, and future
experiments to address such questions, in Chapter 4 | also introduce the identification of
another potentially disease-causing mutation (in NLRP1), that may lead to similar internal
translation initiation. Mutations like these are often overlooked in whole exome/whole
genome sequencing (WES/WGS) analyses, and examples like these should spur

physicians to be cognizant of the potential effects of such mutations. Enjoy.
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1.9: Figures
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Figure 1-1: Cartoon of RAG1 structure and relevant domains

Modified from (29). Murine RAG1 consists of 1040 amino acids. Amino acids (AA) 384-1008 make
up the RAG1-Core domain which is the minimally essential region required for recombination, and
contains the nonamer and heptamer domains, and RAG2 binding domain. Within the N-terminal,
non-core domain is the RING/E3-ligase domain (AA265-380), and regions that bind a number of
additional proteins.
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Figure 1-2: Flow cytometry gating of T cell developmental stages in the thymus

(A) Double negative (DN) cells showing DN1->DN2->DN3->DN4 progression. N.B. cKIT can be
substituted for CD44.

(B) CD4 vs CD8 staining showing DN, DP (double positive), CD4 SP (CD4 Single Positive), and
CD8 SP (CD8 single positive) populations.

(C) CCRY7 and CD69 staining of non-DN populations to highlight the progression of cells through
positive and negative development. The majority of cells sit in Stage 1, where TCRa. is rearranged.
Upon successful rearrangement of an in-frame TCRa that can pair with the previously rearranged
and tested TCRp, Stage 1 cells get a TCR signal that induces activation and expression of CD69,
and then CCRY7. Stage 3-4 cells that express CCR7 can migrate to the medulla of tha thymus were
the majority of negative selection is undertaken. Upon downregulate of CD69, post-selected, CD4
and CD8 SP cells can migrate towards S1P and into blood vessels to leave the thymus (67, 68).
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CHAPTER 2: ALTERNATIVE TRANSLATION OF RAG1 CREATES N-

TERMINALLY TRUNCATED RAG1 ISOFORMS

2.1: Abstract

The RAG1 and RAG2 proteins are essential for the assembly of antigen receptor genes
in the process known as VDJ recombination, allowing for an immense diversity of
lymphocyte antigen receptors. Congruent with their importance, RAG1 and RAG2 have
been a focus of intense study for decades. RAG1 has been studied as a single isoform,
however, identification of a spontaneous nonsense mutation in the 5" end of the mouse
Rag1 gene lead us to discover N-truncated RAG1 isoforms made from internal translation
initiation. Mice homozygous for the mutation express smaller RAG1 isoforms, have
defects in antigen receptor rearrangement, make fewer T and B cells, and present with
some features of autoimmunity, similar to human Omenn Syndrome patients with 5 RAG1
frameshift mutations. Given the seemingly inactivating Rag? mutation, it is striking that
homozygous mutant mice do not have the expected severe combined immunodeficiency.
We propose the possibility that evolution has garnered RAG1 and other important genes
with the ability to form truncated proteins via internal translation to minimize the deleterious
effects of 5’ nonsense mutations. This mechanism also becomes intriguing as we consider
the likely effects of nonsense mutations globally in the interpretation of whole genome

sequencing.
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2.2:  Introduction

The RAG1/RAG2 hetero-tetramer has been extensively studied in its role as the enzyme
responsible for rearranging antigen receptor genes in B and T cells in the process known
as VDJ recombination (39, 115). RAG1 contains the catalytic domain necessary for DNA
cleavage and thus VDJ recombination. Patients with loss-of-function mutations in either
RAG1 or RAG2 suffer from severe combined immunodeficiency (SCID) with complete loss
of mature T and B cells. In contrast, RAG1/2 mutations that reduce but do not ablate
recombination activity lead to Omenn Syndrome (OS), an immunodeficiency of low B- and
T-cell numbers, concurrent with autoimmunity (44, 96). Notably, Santagata and colleagues
described patients with homozygous frameshift mutations in the N-terminal region of
RAG1 that result in early translation termination and should not yield functional RAG1
protein (99). Despite this, these patients had low but detectable circulating B and T cells.
RAGH1 is translated from a single exon, thus alternative splicing was not considered. It was
hypothesized that N-truncated RAG1 products arise from internal translation initiation at
downstream AUG start sites, leading to a hypomorphic protein. Correlative with this
hypothesis, expression of N-truncated cDNAs give rise to RAG1 proteins of smaller size
that catalyze VDJ reactions in vitro. However, neither the mechanism by which these

truncated RAG1 proteins are made nor whether they occur normally were elucidated (99).

During a routine analysis we identified a strain of mice in our colony with reduced
T and B cells and increased activated T cell frequencies. Whole exome sequencing
revealed a novel homozygous nonsense mutation at amino acid 60 (Q60X) which we
termed the N-terminal stop or RAG1™* mouse. This mutation, like frameshift mutations

present in OS patients, would be predicted to cause premature translation termination,
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and absence of functional RAG1. However, the presence of T and B cells in these mice,
although at lower numbers, necessitated the presence of residual RAG1 activity, and
western blot revealed the presence of smaller RAG1 isoforms in homozygous RAG1™
thymocytes. Here we show that the Q60X mutation in RAG1™* thymocytes results in
expression of smaller RAG1 isoforms generated using internal translation initiation sites.
Moreover, these smaller RAG1 isoforms are present in homozygous RAG1"" thymocytes.
Our data demonstrate that an underappreciated mechanism of internal translation leads
to multiple RAG1 isoforms in WT mice and allows for the escape from early truncating
mutations in the gene that would otherwise have devastating immune consequences.
There is significant evidence that the N-terminal regions of RAG1 have important roles in
VDJ recombination (48, 49, 52, 54, 55), and RAG1 has been studied as a single isoform,
containing the complete N-terminal region for over 30 years. The conceptual advance that
multiple N-truncated RAG1 isoforms exist, even in wild type cells, is important as these N-
truncated proteins demonstrate altered function and have not previously been interrogated
as part of RAG biology. This novel murine model of OS provides an important platform to

determine how N-truncated RAG1 proteins function normally and in the absence of full-

length RAG1 protein.

2.3: Reslults

Novel nonsense mutation identified in 5’ region of Rag1 gene

Routine analysis of peripheral blood mononuclear cells in a line of C57BL/6 mice within
our colony revealed B and T cell lymphopenia of unknown cause (data not shown). Whole
exome sequencing revealed a homozygous nonsense mutation early in the Rag7 gene at

nucleotide position 187 (c187C>T), which was confirmed by Sanger sequencing (Figure
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2-1A/B). This mutation introduces a stop codon that is predicted to terminate translation
at amino acid 60 of RAG1 (Q60X) and result in no functional RAG1. We named this the
RAG1Y mouse. However, unlike complete RAG1 deficiency, this homozygous mutation
does not result in complete absence of T and B cells. We therefore checked for residual
RAG1 protein by western blot on bulk homozygous RAG1"* thymocytes and show a
number of proteins of smaller sizes than full-length (FL), wild-type RAG1 (Figure 2-1C).
Truncating frameshift mutations in the 5’ region of the Rag1 gene in human patients are
unexpectedly associated with Omenn Syndrome (OS) rather than SCID (99). Thus, we
considered that the RAG1™" mouse may represent a model of OS to investigate how such

mutations retain enough RAG activity to prevent complete SCID.

RAG1"* mice have Iymphocyte developmental blocks at antigen receptor

rearrangement steps

Given the mutation in RAG1, we sought to determine the effect on T and B cell
development. RAG1"* thymuses demonstrate a significant reduction in total cellularity,
accounted for by a ~3-fold reduction in the number of double positive (CD4*CD8") and
mature single positive cells (Figure 2-2 A/B). The major developmental block occurs at the
DN3 to DN4 transition (Figure 2-2 C/D). We find an analogous block in B cell development,
at the pro-B to pre-B transition (Figure 2-2 E/F). These phenotypes are inherited in an
autosomal recessive manner, as RAG1Y™ heterozygotes are phenotypically

indistinguishable from homozygous Rag1™"'™ mice.

The DN3-DN4 transition for developing T cells, and pro-B to pre-B transition for B

cells requires the productive rearrangement of the TCRp allele, or immunoglobulin heavy
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(IgH) chain for T and B cells respectively, and subsequent signaling through either the

pre-TCR or pre-BCR (116). Blocks at these developmental stages can be due to defective

1NX

recombination efficiency, therefore we sought to determine whether RAG cells had

decreased VDJ recombination.

RAG1"* thymocytes have reduced TCRVp recombination and an altered VB TCR

repertoire

To examine recombination efficiency and Vp repertoire in RAG1™* mice, we sorted DN3
thymocytes and assayed VB-DpJp rearrangements by TagMan PCR. We find substantially
lower than normal levels of rearrangements of all VB gene segments in RAG1"* DN3 cells
(Figure 2-3 A/B). We also examined the Vp repertoire of total thymocytes as an indication
of global Vj repertoire differences and see decreases in the usage of many Vp alleles, but

no differences in others suggesting global repertoire has shifted (Figure 2-3 C/D).

Next we determined the VB repertoire of thymocytes that produce a functional
TCR by surface staining and show that there is an altered repertoire at both DP (Figure
2-4 A/IC) and SP stages (Figure 2-4 B/D). This supports the global repertoire analysis by
PCR (Figure 2-3 C/D). By analyzing the ratio of V usage at the DP versus the SP stage
we show that there is altered selection of certain VB proteins, such as less selection of

VB4, and greater selection of V5 (Figure 2-4 E).
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RAG1"X mice have reduced numbers of mature B and T cells and increased

frequencies of Tregs and Tmemory cells

RAG1™ mice have an approximate 50% reduction in peripheral T and B cell counts. This
phenotype is inherited in an autosomal recessive manner, as RAG1"* heterozygotes are

phenotypically indistinguishable from homozygous Rag1™""

mice (Figure 2-5 A). There is
no effect on dendritic cells, neutrophils, and inflammatory monocytes, but a slight increase
in the numbers of splenic NK cells (Figure 2-5 A). RAG1™* mice had higher frequencies of
Tregs (Figure 2-5 B), and memory phenotype CD4" and CD8" T cells (Figure 2-5 C/D).
This phenotype is consistent with the leaky-SCID/OS phenotype observed in humans and

other mouse models of OS (96, 97, 117, 118).

RAG1"X mice develop increased age-associated B cells and anti-nuclear antibodies

1NX

Given the similarity of the Q60X mutation present in RAG1™ mice to lesions found in a

number of OS patients, we assessed phenotypes typically associated with development
of autoimmunity (99). Ex vivo stimulated CD4" T cells from young (4-6week old) RAG1"*
mice show a heightened propensity to express IFNy and IL-17A, and CD8" T cells express
more IFNy and TNFa than WT counterparts (Figure 2-6 A-D). OS patients often present
with erythroderma, eosinophilia, high circulating IgE levels, and Th2 skewing including T

1NX

cell IL-4 and IL-5 production. While it is clear that young RAG1™ mice preferentially adopt

a Th1 skewed T cell phenotype, more characteristic of the C57BL/6 strain (119), we were
interested to see whether canonical OS phenotypes arose as the mice aged. RAG1N*

mice aged 20-22-months have no difference in immune cell populations and T and B cell

counts have equilibrated in mice by this age (Figure 2-6 E). There is no evidence of
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increased eosinophils. Overall RAG1™ mice have no overt autoimmune pathology (data
not shown) but feature increased CD11b*CD11c* age-related B cells (ABCs) (Figure 2-6
F), that display increased Tbet expression (Figure 2-6 G). ABCs are often associated with
a predisposition towards anti-nuclear antibody (ANA) positive autoimmune diseases
(120). Accordingly, aged RAG1™"* mice have higher ANA levels (Figure 2-6 H/l). Overall
these data suggest that while RAG1"* mice do not have overt OS disease as seen in

humans, they may have a predisposition towards autoimmunity.
Smaller RAG1 isoforms arise via internal translation initiation

Given the position of the RAG1™ nonsense mutation (Figure 2-1 A), and the presence of

smaller than normal RAG1 proteins in RAG1N*

cells (Figure 2-1 C), we were intrigued as
to how these smaller proteins form. The description of OS patients with 5° RAG1 frameshift
mutations hypothesized that alternate N-truncated isoforms arise via translation from
alternative translation initiation sites (99). While this report showed that N-terminally
truncated RAG1 proteins function in recombination assays, whether alternative translation
initiation creates these isoforms was not directly assessed. Interestingly, even RAG1""
thymocytes have expression of smaller proteins (Figure 2-1 C). These proteins have been
noted and designated previously as ‘break-down products’ (121). We hypothesized that
these smaller proteins are naturally occurring isoforms created from translation of
alternative translation initiation sites (TIS’s). To test this, we created RAG1 proteins
epitope-tagged at N-terminal (FLAG) and C-terminal (HA) ends. Probing for FLAG only
detects full-length RAG1 translated from the canonical TIS while probing for HA would

reveal all possible internally translated isoforms (Figure 2-7 A). Site-directed mutagenesis

was performed to introduce the Q60X mutation and to mutate the canonical initiating
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methionine (iM) codon, AUG, to isoleucine (AUC, iMI). RAG1-WT, RAG1-Q60X, and
RAG1-iMI constructs were transfected into 293T cells and FLAG and HA expression was
analyzed. FLAG expression is only detected in the WT transfected cells (Figure 2-7 B),
whereas the C-terminal HA-tag is detected in all RAG1-transfected cells (Figure 2-7 C).
The full-length band at ~120kDa is detected by the FLAG-tag in WT by western blot,
whereas Q60X and iM1l mutants are absent (Figure 2-7 D). Analysis of the C-terminal
HA tag reveals a number of proteins in all cases. The Q60X and iM1l mutant RAG1
constructs could only produce the smaller isoforms (Figure 2-7 E). To interrogate whether
the smaller bands were indeed produced by internal translation, the first 5 internal
methionines (AUG) were mutated to isoleucines (AUC) in a sequential and additive
manner (i.e. M3l = M31+M2I+M11). As before, RAG1 constructs were transfected into 293T
cells and only the full-length, ~120kDa RAG1 isoform is detected via FLAG probing (Figure
2-7 F). As hypothesized, the potential translation initiation sites at M1, M4, and M5 are
required for the expression of their respective smaller isoforms as observed by the loss of
specific bands upon AUG to AUC mutation (Figure 2-7 G). Whether the M2 TIS gives rise
to the band at ~80kDa is inconclusive, as M2I mutation shows a slight decrease in protein
quantity at the putative M2 band, but not complete ablation as with M1, M4, and M5. It is
clear that mutation of the TIS at M3 does not impact expression of the putative M3 isoform.
We also interrogated the strength of the Kozak sequences surrounding the putative TIS
sites using a published formula (122) and term these “Noderer scores”. We show that M1,
M2, M4, and M5 all have extremely strong Kozak sequences (Figure 2-7 H). Comparison
of the Noderer scores (122) of Kozak sequences surrounding the putative TIS sites with
random, out of frame, AUGs within the RAG1 transcript highlights that these high scores

are unlikely to be random, and may be selected for (Figure 2-7 I). We therefore sought to
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determine whether these strong Kozak sequences surrounding internal translation

initiation sites in RAG1 were conserved across species.

Strong internal RAG1 translation initiation sites are conserved across species

Evolutionary selection for these alternative TIS sites is supported by conservation of
strong internal TISs across species (Figure 2-8). Given the degenerate nature of codon
specificity, it may not be expected that these Kozak sequences would be selected for on
the basis of the full-length protein alone, as synonymous mutations would not impact this,
yet they may impact the natural formation of N-truncated RAG1 isoforms. Overall, these
data highlight that RAG1 can be translated from internal TIS’s, and that these N-truncated

RAG1 isoforms may have been evolutionarily selected.

Smaller RAG1 isoforms can co-immunoprecipitate with RAG2

Finally, we were interested in whether the naturally occurring N-truncated RAG1 isoforms
of WT RAG1 could co-immunoprecipitate with RAG2, since this would likely be essential
if these smaller isoforms were to have important functions. RAG1-HA and RAG2-GFP
constructs were co-transfected into 293T cells. RAG2-GFP was immunoprecipitated using
anti-GFP beads and isolated protein was analyzed by SDS-PAGE and probed for RAG1-
HA using an anti-HA antibody (Figure 2-9). Clearly, N-truncated RAG1 isoforms can by
co-immunoprecipitated with RAG2 suggesting these isoforms can readily form part of the
hetero-tetrameric RAG complex. This would be a fundamental shift in the understanding
of normal RAG biology, and future investigation of this will be essential if we are to

understand RAG biology fully.
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2.4: Discussion

Here we describe for the first time the mechanism of formation of alternative RAG1
isoforms. These RAG1 isoforms arise as a result of internal translation initiation and lack
N-terminal regions of RAG1. They were revealed upon identification of a novel nonsense
mutation in RAG1, a genetic lesion that is very similar to that present in a number of
Omenn Syndrome patients. We therefore present here a novel murine model of OS-like
disease that both describes mechanistically how functional RAG1 protein can be made
despite early nonsense or frameshift mutations, and a more detailed description of T and
B cell development in mice with such mutations. This provides a model to further
interrogate how autoimmunity manifests concurrently with immunodeficiency, and the

effect that RAG1 protein or defective recombination has to play in this.

The Q60X nonsense mutation in RAG1 would upon initial observation be expected
to result in a non-functional peptide that could not participate in VDJ recombination, as it
should lack the catalytic domain of RAG1 (the RAG1°°"® domain). However, some internal
translation initiation products provide N-terminal truncated RAG1 proteins that contain the
RAG1%"™® domain. In fact, many of the phenotypes displayed by the RAG1™ mouse
replicate that of the RAG1°"* mouse including blocks in development at antigen
rearrangement stages (47, 48). RAG1°°"® mice have defective rearrangement, and
similarly the RAG1™* phenotype is likely due to inefficient recombination activity (47, 48).
Interestingly, altered selection of Vp proteins from the DP to SP stage is also seen in the
RAG1°™® mice (48). This altered VB usage is independent of choice of TCRp
rearrangement, but may be due to altered TCRa repertoire, or reduced secondary Va-to-
Ja rearrangements. Thus, both in terms of lymphocyte numbers and VDJ rearrangement,
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the RAG1™ mouse phenocopies RAG1°®, consistent with the RAG1™ mutation

unexpectedly generating smaller N-truncated isoforms.

As a result of decreased recombination efficiency, young RAG1M*

mice expectedly
display peripheral B and T cell lymphopenia. The increased frequencies of memory
phenotype T cells is likely a result of homeostatic expansion of T cells within lymphopenic
hosts (123), and increased Treg frequencies because Tregs outcompete conventional T
cells (124) or convert from conventional T cells in a lymphopenic environment (125). This
homeostatic expansion is sufficient to fill the available T/B lymphocyte niche upon aging
of the mice. The role of lymphopenia in driving autoimmune disease has been postulated
a number of times, yet it is difficult to tease apart the relative contributions of lymphopenia
from altered lymphocyte development, defective VDJ rearrangement, and altered antigen
receptor repertoires. It is attractive to speculate that homeostatic expansion of few T cells

drives oligoclonality, and that those T cells that escape development with higher self-

reactivity can expand disproportionally.

While the RAG1"* mouse has a similar genetic lesion to humans with OS, and
similar lymphopenia, the pathology experienced by OS humans is not entirely replicated.

ANX T cells can

However, there is some evidence of immune dysregulation in that RAG
more efficiently make effector cytokines ex vivo, and aged RAG1™* mice have an increase
in age-associated B cells and increased ANAs. It is also important to note that, in
comparing the RAG1™ mouse to two other murine models of OS, the MM mouse (117),
and the R229Q RAG2 mouse (118), we see a number of similarities and differences. All

three models display a block in development of B and T cells at antigen receptor gene

rearrangement steps, increases in memory phenotype T cells, and altered TCR
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repertoires. The MM and R229Q RAG2 mice show some facets of canonical OS, such as
erythroderma and high IgE, but differ substantially in other aspects suggesting the specific
genetic lesion, mouse strain (which differs between all three mice), and environment in
which they are housed all may contribute to the observed autoimmune phenotypes. Of
note, the C57BL/6 strain of mice that our RAG1N mutation is present in, is notoriously
resistant to autoimmunity in the absence of additional environmental stimuli (126).
Similarly, the R229Q RAG2 mutation on the C57BL/6 background does not present with

overt autoimmunity (127).

Finally, we describe the mechanism of formation of alternative RAG1 isoforms, and
while this was revealed in a setting where full-length RAG1 could not be made, these
appear to exist in WT mice as well. Additionally, strong internal translation initiation sites
appear to be conserved across species, and N-truncated RAG1 isoforms are able to be
co-immunoprecipitated with RAG2. Should these N-truncated RAG1 isoforms exist
naturally in biologically relevant amounts then this would be a fundamental shift in the
understanding we have of RAG biology. It is feasible to postulate that since N-truncated
RAG1 has reduced recombination efficiency, then the normal presence of truncated RAG1
isoforms may act as important negative regulators of RAG efficiency. In fact, inefficient
VDJ recombination is hypothesized as a mechanism to prevent the expression of multiple
rearranged TCR or BCR alleles from a single T or B cell in the process of allelic exclusion
(128, 129). Additionally, as will be described in detail in Chapter 3, the N-terminal region
of RAG1 appears to have a growing number of roles in addition to its VDJ activity. Naturally
occurring N-truncated isoforms would therefore be lacking these capabilities as well.

These ideas regarding the role of internally translated RAG1 isoforms in lymphocyte
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development, and what the identification of an ever-increasing number of internally
translated protein isoforms could mean outside of RAG1 will be expanded upon in Chapter

4.
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2.5:  Figures
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Figure 2-1: Novel nonsense mutation identified in 5' region of Rag1 gene

(A) Diagram of RAG1 protein showing relative position of novel nonsense mutation (Q60X). (B)
Sanger sequencing tracks aligning sequences from RAG1"T and RAG1"X mice in our colony to
that of the reference mm10 genome (NCBI). (C) RAG1 protein expressed in bulk thymocytes was
analyzed by SDS-PAGE and Western blot.

31



*

*kk

A B 1.5x108 xrE mWT
1 » 1:0x108 @ Het
S B NX
5.0x107
N -
2
©
< o
[m)
O
cDs DN DP  CD4 SP CD8 SP
C WT 1x1077  DN3 3x10% DN4
IDN1 DN2
1.5% 1.8% ® n‘s Lo
] § fs— 2x10% e
] £5x10; s -
= : v 0] & B
3] : | . S |&E= L=
O DN4:33% | _64%DN3| TDN4-31% | 66%DN3| TDN4-3.1% ol & ol *
CD25 . WT Het NX WT Het NX
E
WT Het NX © 30, pro-Bcells  100q pre-Bcells
3 grg-/proB 3 gre»proB 3 gre-proB 8 ***:*** Hokk ke
.5% proB [an] LY N * Kk kK
1 9 1 = 201 904 ©
_ ] g7 . & ¢
- Z 10{ 3 & 801 &
513 E 5 ° ®
Ol - - 2
CD24 WT Het NX WT Het NX
Figure 2-2: RAG1"X mice have lymphocyte developmental blocks at antigen receptor
rearrangement steps

Thymi from 4-5week old WT, NX, and Het littermates were analyzed by flow cytometry. (A) CD4 vs
CD8 frequencies, and (B) total cell counts per thymus. Gating: Live, singlets, Dump'(B220, CD11b,
CD11c, Gr1, NK1.1, Ter119), TCRy&". (C) DN1-4 frequencies, and (D) total cell counts per thymus.
Gating: CD4-,CD8", TCRp". Early B cell development was analyzed in the bone marrow. (E,F)
Frequencies of early B cell progenitors of B220* CD93*IgM- cells were quantified. Pre-gating: Live,
singlets, dump™ (TCRB, NK1.1, Ter119, CD11c, Gr1). Data combined from at least 3 independent
experiments. Bars indicate mean +/- SEM. Statistics: 1-way ANOVA with Tukey-HSD post-test.
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Figure 2-3: RAG1"X thymocytes have reduced TCRVpS recombination and an altered Vp

TCR repertoire
Sorted DN3 thymocytes from WT and NX mice were assayed by gPCR for frequencies of respective

VB to DBJB1 rearrangements (A), and VB to DRJB1 rearrangements (B), 4 mice per genotype. “not
detected. Gating: live, singlets, dump (B220, CD8, CD4, CD11b, CD11c, Gr1, NK1.1, Ter119),

CD4-, CD8, CD25", CD44". Vj to DBJB1 rearrangements (C), and Vf to DBJP2 rearrangements
(D) were also completed on bulk, unsorted, thymocytes as an indication of global Vp usage.
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Figure 2-4: RAG1"X thymocytes utilize different TCRv alleles and have altered selection
of alleles

TCRVp repertoire was assayed by flow cytometry of (A) DP thymocytes, and (B) SP thymocytes.
Summary data presented for DP thymocytes and SP thymocytes in (C) and (D) respectively.
Gating: Live singlets, DP=CD4*CD8*, SP=CD4" OR CD8*. (E) The ratio of vf3 usage by DP vs. SP
thymocytes was calculated. Data combined from 2-independent experiments. Error bars indicate
SEM. Statistics: multiple t-tests with Holm-Sidak correction.
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Figure 2-5:

frequencies of Tregs and Tmemory cells
(A) Numbers of leukocytes were enumerated from spleens of 4-5week old RAG1WT(WT),
RAG1VY(NX) or Heterozygous (Het) littermates by flow cytometry. Relative frequencies and
numbers of peripheral Tregs (B), memory CD4* T-cells (C), and memory CD8* T-cells (D) in the
spleen were quantified. Data combined from at least 3 independent experiments. Bars indicate
mean +/- SEM. Statistics: 1-way ANOVA with Tukey-HSD post-test. Gating: Live; singlets; B cells
(CD19*, TCRp"); T Cells (TCRp*, CD197, CD4* or CD8%); NK cells (TCRp", CD19°, NK1.1%); Dendritic
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cells (TCRp", CD197, NK1.1-, CD11c*); Neutrophils (TCRp,CD19,NK1.1,,CD11¢,CD11b*,Ly6G");
Inflammatory Monocytes (TCRpB-, CD19, NK1.1-, CD11c, CD11b*, Ly6G", Ly6C"). Tcm=Central
Memory, Tem=Effector Memory.
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Figure 2-6: RAG1"X mice have increased frequencies of cytokine producing T cells, and
develop increased age-associated B cells and anti-nuclear antibodies

(A-D) T-cells from 4-5week old WT and NX mice were stimulated ex-vivo with PMA and ionomycin
and cytokine expression was measured by flow cytometry. Statistics: 1-way ANOVA with Tukey-
HSD post-test. Gating: Live singlets, CD90.2*, CD4* or CD8". (E) 20-22month old WT and NX mice
were compared for peripheral leukocyte populations. Gating: Neutrophils(CD3",Ly6G*), B
cells(CD3, Ly6G-, CD19%), T cells (CD3*, CD19", Ly6G", CD4* ORCD8"), Eosinophils (CD3-, CD19
, Ly6G", Siglec-F*), Macrophages (CD3-, CD19-, Ly6G, Siglec-F-, F4/80*), Monocytes (CD3, CD19
, Ly6G', Siglec-F-, F4/80°, CD11b"). (F) Frequency of age-related B cells (ABCs) of total B cells was
quantified in 20-22month old female WT and NX mice. Statistics: Mann-Whitney test. (G) Tbet
staining on WT ABCs vs. NX ABCs of ~20week old mice. (H-l) Antinuclear antibody (ANA) staining
intensity on Hep-2a cells was assayed for in young (4-5week old) and old (20-22month old) WT
and NX mice. Bars indicate mean +/- SEM. Statistics: 1-way non-parametric ANOVA with Tukey-
HSD post-test.
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Figure 2-7:
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Smaller RAG1 isoforms arise via internal translation initiation
(A) RAG1 schematic highlighting positions of FLAG and HA epitope tags, Q60X mutation, and
internal methionines that serve as potential TISs. (B/C) Expression of RAG1-WT, Q60X, and iM
constructs in 293T cells assayed for FLAG and HA expression by flow cytometry. Pre-gated on
GFP+ cells. (D/E) Expression of RAG1-WT, Q60X, and iM mutants in 293T cells analyzed by SDS-
PAGE and Western blot for FLAG (D) and HA (E) expression. (F/G) RAG1 WT vs. internal
methionine mutants (M1-M5) expressed in 293T cells were analyzed by SDS-PAGE and Western
blot for FLAG (F) and HA (G) expression. All blots are representative of at least 3 independent
experiments. (H) Analysis of strength of internal putative TIS Kozak sequences compared to
canonical Kozak sequence, and Noderer consensus sequence(122) AA Pos refers to the amino




acid position of the methionine in the RAG1 gene. -3R/+4G indicates the presence of a purine at
the -3 position (relative to A of AUG = +1), and a G present at the +4 position. (I) Noderer scores
of putative TIS’s compared to Noderer scores surrounding random, out of frame AUG sequences
within murine RAG1 transcript.
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Initial TIS AA Noderer
Pos -3R/+4G? Efficiency

Consensus Kozak: GCCRCCATGG

Consensus Noderer: RYMRMVATGGC

Mus musculus (mouse) GCCAACATGGC 1 +/+ 97

Homo sapiens (human) GCCAGCATGGC 1 +/+ 107

Pan troglodytes (orangutan) GCCAGCATGGC 1 +/+ 107

Macaca mulata (rhesus macaque) GCCAGCATGGC 1 +/4+ 107

Rattus Norvegicus (Rat) GCCAAAATGGC 1 +/+ 101

Sus scrofa (Wild boar) GCCAGCATGGC 1 +/+ 107

Mustelo putorius furo(ferret) GCCAGCATGGC 1 +/+ 107

M1 (AA~182) AA Noderer
Pos -3R/+4G? Efficiency

Consensus Kozak: GCCRCCATGG

Consensus Noderer: RYMRMVATGGC

Mus musculus (mouse) AGCATCATGCA 182 +/- 141

Homo sapiens (human) AGCATCATGCA 183 +/- 141

Pan troglodytes (orangutan) AGCATCATGCA 183 +/- 141

Macaca mulata (rhesus macaque) AGCATCATGCA 183 +/- 141

Rattus Norvegicus (Rat) AGCATTATGCA 182 +/- 122

Sus scrofa (Wild boar) AGCTTCATGCA 183 -/- 66

Mustelo putorius furo(ferret) CGCATCATGTA 183 +/- 119

M4 (AA~455) AA Noderer
Pos -3R/+4G? Efficiency

Consensus Kozak: GCCRCCATGG

Consensus Noderer: RYMRMVATGGC

Mus musculus (mouse) GCCATCATGCA 455 +/- 134

Homo sapiens (human) GCCATCATGCA 458 +/- 134

Pan troglodytes (orangutan) GCCATCATGCA 458 +/- 134

Macaca mulata (rhesus macaque) GCCATCATGCA 458 +/- 134

Rattus Norvegicus (Rat) GCCATCATGCA 455 +/- 134

Sus scrofa (Wild boar) GCCATCATGCG 458 +/- 92

Mustelo putorius furo(ferret) GCCATCATGCA 458 +/- 134

Figure 2-8: Strong internal translation sites are conserved across species

The strength of Kozak sequence was compared around the annotated TIS (iTIS) and internal M1
and M2 TIS’ compared to related mammalian species as according to Noderer Score. AA Pos
refers to the amino acid position of the methionine in the RAG1 gene. -3R/+4G indicates the
presence of a purine at the -3 position (relative to A of AUG = +1), and a G present at the +4
position.
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Figure 2-9: Smaller isoforms of RAG1 can co-immunoprecipitate with RAG2

RAG1 (HA tagged) and RAG2 (GFP tagged) were co-transfected into 293T cells. RAG2 was
immunoprecipitated using anti-GFP beads. Protein was then subjected to SDS-PAGE and
immunoblotted for HA to detect full-length and all N-truncated RAG1 isoforms. +/- indicates
presence or absence of plasmid transfected into 293Ts. Input is cell lysate that has not been
immunoprecipitated. IP = immunoprecipitation. IB = immunoblot. FL = full length RAG1, M1-M5 =
likely protein products of internal translation from methionines 1-5 as indicated in Figure 2-7 A.
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CHAPTER 3: RAG1 E3-LIGASE ACTIVITY IS REQUIRED FOR EFFICIENT

POSITIVE AND NEGATIVE SELECTION OF DEVELOPING THYMOCYTES

3.1:  Abstract

The formation of a diverse T cell receptor (TCR) repertoire is at odds with the need to
prevent the development of autoreactive TCRs. Developing T cells are subjected to
positive and negative selection in the thymus to ensure both TCR functionality, and to
delete T cells bearing autoreactive TCRs. Both positive and negative selection signals are
driven by self-peptide MHC interactions, which is seemingly incongruous, and requires
developing T cells to have intermediate affinities to self-antigen. It has been proposed that
thymocytes have heightened signaling during development such that T cells selected on
self-peptide will not react to the same positive selecting peptide in the periphery.
Mechanisms that drive heightened TCR sensitivity during development are not well
characterized. Recently, it has been shown that the RAG complex has roles in addition to
serving its important function in rearranging antigen receptor loci during VDJ
recombination. RAG-mediated double stranded DNA breaks activate transcriptional
programs that are essential for lymphocyte development. In this report | have utilized a
mouse with a point mutation in the RING domain of RAG1 that inactivates RAG1’s E3
ligase activity. | show that the RAG1 E3 ligase function is necessary for efficient positive
and negative selection. Additionally, protein expression of the signaling molecules ZAP70,
SYK, and CD80 is reduced in thymocytes in the absence of functional RAG1 E3 ligase
activity. Disrupted T cell development due to absence of functional E3 ligase activity leads
to hyperactive peripheral T cells that cause more severe immune-mediated pathology
when transferred to RAG1™ hosts in the absence of Tregs. | propose that RAG1 acts as
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a biological clock to upregulate proteins involved in TCR signaling during T cell
development in order to increase TCR sensitivity, enhance positive and negative

selection, and protect from autoimmunity.

3.2:  Introduction

The RAG complex is essential for the development of the vertebrate adaptive immune
system through its role in rearranging antigen receptor loci encoding B and T cell receptors
(BCRs/TCRs). Congruent with their importance, the RAG1 and RAG2 proteins that make
up the RAG hetero-tetramer have been intently studied since their discovery ~30years
ago (115, 130, 131). This process of VDJ recombination creates a diverse receptor
repertoire that enables protection against a virtually infinite number of potential antigens,
a necessary requirement for an adaptive immune response that is tasked with protection
from a range of insults for which it has no prior knowledge (29, 37, 39). However, the
outcome of the VDJ reaction is the formation of a random variety of receptors that vary
from being non-functional, to self-reactive. For o3 T cells, the thymus serves as a
specialized organ in order to test functionality of and self-reactivity of developing T cells,
and thus ensures that the mature, pre-immune T cell repertoire is both poised to offer
immune protection without causing autoimmunity (58, 82-84, 132-134). Death of cells that
cannot signal through their TCR is known as positive selection and ensures that TCRs are
functional (67, 135). Similarly, thymocytes undergo negative selection whereby cells that
signal too strongly on self-peptide MHC complexes encountered in the thymus are also
deleted (67, 132). A conceptual difficulty lies in the problem that both positive and negative
selection must occur by TCR:self-pMHC interactions. Since TCR signal strength is

dictated by TCR:pMHC affinity(avidity) (136), this sets up a “goldilocks zone” of self-
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reactivity between a non-functioning (weak) threshold, and an autoreactive, over-
functioning (strong) threshold. The requirement for TCR selection on self-peptides results
in a tenuous state where some over-functioning TCRs might not sufficiently signal deletion

of cells harboring hazardous VDJ recombination products.

A number of mechanisms to overcome this tenuous state of potential failures in
selection have been described, but most pertinent here is the suggestion that developing
thymocytes are more sensitive to TCR stimulation than their mature counterparts (80-87).
In 1991, Pircher et al. (86), showed that peptides of low affinity were able to induce clonal
deletion of antigen-specific thymocytes, but the same antigen was not able to induce
activation of peripheral T cells. This was expounded upon by the Hogquist group who
showed nicely that thymocytes could signal more strongly on low-affinity antigen than
peripheral T cells (80). Thus, this system of ‘TCR tuning’ sets up a scenario for more
successful positive selection and more stringent negative selection, because self-peptides
would be able to generate a stronger signal at both selection checkpoints (80-87). TCR
detuning in the periphery then would limit autoreactivity because weak self-peptide
signaling for positive selection is no longer needed, while strong self-peptide signaling
(i.e., autoimmunity) would be attenuated by detuning (80-87). A number of regulators of
this altered TCR sensitivity have been described, including Themis (137-139), Tespa1
(140), and miR181 (141). Despite the identification of the roles for these individual

effectors, a global mechanism to drive thymic tuning is lacking.

For such a system to operate, it would be ideal for it to be under control of proteins
present specifically during T cell development. Candidates such as the RAG1 and RAG2

proteins are perfectly poised for such a role because during o T cell development, RAG
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is expressed and active only in DN and DP thymocytes (63, 142, 143). Furthermore, it has
been shown that RAG activity induces a transcriptional program that is essential for normal
lymphocyte development, in addition to its role in rearranging lymphocyte receptors (92-

94).

Beyond activation of a transcriptional response, the Bassing/Behrens labs have
shown that the RAG1 N-terminal domain upregulates the post-transcriptional expression
of a number of proteins (unpublished). The RAG1 N-terminus is known to bind a kinase
that helps repair RAG DSBs, a ubiquitin ligase, and an RNA splicing factor (54-57); yet,
potential functions of these interactions are unknown. This study primarily utilizes a mouse
with a point mutation in the RING domain of RAG1 (P326G: RAG1”® mouse) that
inactivates RAG1’s E3 ligase activity (49-53). In vitro analysis of the P326G RAG1 mutant
shows mildly defective VDJ recombination (53), but is shown to be necessary for
ubiquitylation of histone H3 to enhance RAG cleavage of chromosomal DNA (49, 52). We
utilize this mouse to show that the E3 ligase activity of RAG1 is required for efficient
positive and negative selection of thymocytes and show that the expression of the
signaling molecules ZAP70, SYK, and CD80, are negatively affected in the absence of
RAG1 E3 ligase activity. We therefore propose a model whereby RAG1 activity, and
specifically the N-terminal domain of RAG1, alters the thymic proteome in such a way to
enhance thymocyte signaling. Thus, RAG1 acts as a biological clock in order to effectively
tune TCR signaling in a way that is limited to developmental stages. Additionally,
mutations in the N-terminal domain of RAG1 are associated with Omenn Syndrome, a

disease which manifests as concurrent lymphopenia and autoimmunity (44, 96, 99), and
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we show that peripheral T cells from RAG17® mice are hyper-functional, and can cause

more severe and disseminated disease when transferred into RAG1” mice.

3.3: Results
RAG1"¢ mice display T and B cell developmental defects at antigen receptor

rearrangement steps

While the RAG17¢ mice are currently being investigated by two collaborative laboratories,
and the baseline development of T and B cells in these mice had been described to us
(Personal Communications: David Schatz — Yale; Craig Bassing — Children’s Hospital of
Philadelphia), since these mice have yet to be published on, | sought to investigate basic
T and B cell development in these mice within our lab. In agreement with our collaborators,
RAG1"C mice have a mild reduction in double positive (DP) thymocytes (Figure 3-1 A/B),
that is likely due primarily to a defect in the DN3 to DN4 transition (Figure 3-1 C/D). This
is to be expected in the case of defective VDJ recombination, as observed in Chapter 2 in
the RAG1™ mouse, since this is when TCR is rearranged. Similarly, there is a defect in
B cell development at the pro-B to pre-B transition where the analogous rearrangement of
the Ig-heavy chain occurs (Figure 3-1 E-G). Interestingly, and in agreement with our
collaborators, these developmental defects appear to influence total peripheral B cell
numbers to a far higher extent than T cell counts (Figure 3-1 H). This chapter, however,
will focus exclusively on T cells. Since developmental defects appear to occur at antigen
receptor rearrangement stages, in collaboration with the Bassing Lab, | sought to

determine whether VDJ recombination was impaired in developing thymocytes.
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RAG1"¢ thymocytes have reduced recombination efficiency

TCRp rearrangements in RAG1”® thymocytes were analyzed by TagMan PCR as for the
RAG1™ mice (Figure 2-3) on sorted DN3 cells. There is a clear overall reduction in VDJ
recombination in PG DN3 cells compared to WT counterparts (Figure 3-2 A/B). While less
severe, TCRa rearrangement is also slightly reduced at some Va-Ja pairings (e.g. Va13-
Ja17), but not at others (e.g. Va14-Ja31) (Figure 3-2 C). Unlike analysis of VB-DJ
rearrangements, it is not possible to assay the entire spectrum of Va-Ja pairs. Therefore,
we cannot for certain say that overall recombination at the TCRa locus is reduced,
especially considering all Va14, Va17, and Va18 combinations assayed appear to be
normal, and it is feasible that some pairings may be over-represented in the PG
population. In fact, overall, surface expression of TCRp at the DP pre-positive selection
phase of T cell development (which requires expression of a correctly rearranged TCRa
chain) is equivalent between WT and PG thymocytes (Figure 3-3 A). The most striking
part of this analysis is the decrease in RAG17 cells that progress to Stage 2 of T cell

development.
Positive and negative selection is impaired in RAG17¢ mice

In attempting to determine whether DP pre-positive selection thymocytes (CD8* CD4*
CD69 CCRT") express equivalent TCRp as a proxy for TCRa rearrangement efficiency
(described above), | noticed a substantial decrease in cells in the first stage of positive
selection (CD69" CCR7") (Figure 3-3 A). This suggested that PG thymocytes have a
positive selection defect that is independent of TCRa rearrangement. As a proxy to

establish whether positive selection is impaired in the PG T cells, | determined the
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frequency of cells that fall within the positive selection/Stage 2 gate of total Stage 1 and
Stage 2 cells that express surface TCRp. Hence these cells can theoretically signal
through their TCR and be positively selected (Figure 3-3 B). PG thymocytes appear to
have a defect in their ability to positively select. It is important to note that this is an
imperfect system for measuring positive selection as it cannot take into account
differences in pace of progression from stage 2 to stage 3 and beyond. Nor deletion due
to exceptionally strong TCR signals that may be occurring at this stage. More sensitive
approaches including pulse-chase experiments should be utilized to better confirm
positive selection defects. An improved system is discussed in more detail in Chapter 3.4.
Despite this limitation, this data suggests a defect in positive selection of PG thymocytes.
Given this, | was interested in determining whether there was also a defect in negative

selection.

To assay whether RAG1P® thymocytes have a defect in negative selection, |
utilized a naturally occurring system of super-antigen mediated negative selection (78,
144, 145). All laboratory mice express remnant MMTV retroviral products, and some of
these retroviral products can bind the MHCII I-E® protein and certain TCRvp alleles,
including vB5.1-5.2 and vB12, in a superantigen manner such that T cells expressing these
alleles encounter an extremely strong TCR signal and are very efficiently deleted (78, 144,
145). BALB/c mice express the I-E? molecule, while C57BL/6 (B6) mice (the background
of RAG1P® mice), do not. Therefore vp5.1-5.2 and vp12 are efficiently deleted in BALB/c
but not B6 mice. In order to test the effect of the PG mutation on deletion of ‘autoreactive’
TCRs, | crossed RAG1"T and RAG1P® mice to RAG17-BALB/c mice to generate F1 mice
that were either RAG1V™ I-E*" or RAG1P®" |-E¥*". To examine whether there was a
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difference in deletion of specific vp alleles, | measured the expression of I-E“:MMTV
reactive (vp5.1-5.2, vf12) and I-E:MMTV unreactive (vB6, vp8, vB14) TCRs on pre-
selected (DP) or post-selection (SP, CD24", TCRB") thymocytes (Figure 3-3 C). “Escape”
from negative selection was determined as follows: Of cells that create a TCR with a
certain vp allele (pre-selected cells), what is the frequency that progress through
development to post-selection? This was normalized to relative frequencies of total pre-
and post-selected cells (which as indicated in Figure 3-1 is slightly different between
genotypes), and in order to combine data from independent experiments, this ratio was
normalized to the WT mice in each experiment (Figure 3-3 D). It is clear that PG mice
have increased ‘escape’ of vf35.1-5.2 and vp312 TCRs compared to WT, and in important
controls, the development of nonreactive TCRs is not impacted. This is an incredibly
interesting finding and the first evidence that RAG1 may have a role in controlling positive
and negative selection. Because of these defects in selection, we were then interested in

probing the mechanism as to why these defects exist.
SYK protein expression is decreased in DN3 thymocytes from RAG1°¢ mice

It is becoming increasingly clear that the N-terminal region of RAG1 has roles outside of
its canonical role in VDJ recombination. One such function appears to be the control of
protein expression, and in B cell systems, the N-terminal portion of RAG1 has been
implicated in driving enhanced protein expression of the pro-survival genes Pim2 and Bcl-
xl, and the important B cell signaling molecule SYK (Unpublished data, Bassing Lab,
Personal Communication). While canonically associated with B cell receptor (BCR)

signaling, SYK is also important in driving pre-T cell receptor signaling at the DN3 to DN4
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transition (146). | therefore sought to determine whether SYK expression is impacted in
RAG1P® DN3 thymocytes via flow cytometry and show that there is an ~15% reduction in
SYK protein expression compared to RAG1"" DN3 cells (Figure 3-4 A/B). | then sorted
DN3 cells to assess SYK mRNA expression and show that it is in fact even higher in
RAG1"C cells compared to WT counterparts (Figure 3-4 C). This is consistent with data
from the Bassing Lab suggesting that in B cells, Pim2 and Syk expression is controlled by
RAG1 at post-transcriptional stages (unpublished). Given the structural similarity between
the signaling molecule SYK, and the canonical T cell signaling molecule ZAP70 (147), and
the fact that TCR signal strength is intrinsically linked to positive and negative selection, |

sought to determine whether ZAP70 was similarly affected in RAG1P® thymocytes.

ZAP70 protein but not mRNA is decreased in developing RAG1"® thymocytes and

differences are restricted to the thymus

ZAP70 expression was assessed at all stages of positive and negative selection in
thymocytes from WT and PG mice (Figure 3-5 A). ZAP70 expression increases following
positive selection and a difference in expression of ZAP70 emerges after this stage with
PG thymocytes having reduced expression compared to WT (Figure 3-5 B/D). This is
independent of surface TCR expression (Figure 3-5 C/E). Like SYK, the effect of the PG
mutation on ZAP70 protein expression is independent of mMRNA levels, as ZAP70 mRNA

in sorted thymocytes is not different between WT and PG cells (Figure 3-5 F).

Interestingly, the effect of the PG mutation on ZAP70 expression persists during
thymocyte development, and after RAG1 expression has itself ceased. However, | sought

to determine whether this difference was permanent by staining for ZAP70 in peripheral T
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cells. Expression of ZAP70 is equivalent between WT and PG splenic T cells (Figure 3-6
A/B). Therefore, while the difference in ZAP70 persists throughout T cell development,
this is not permanent. | next sought to probe further the mechanism by which the RAG1

E3 ligase domain may be impacting protein expression.
The N-terminal region of RAG1 controls protein expression by various mechanisms

This section attempts to answer two major mechanistic questions, and was performed in

collaboration with Dr. Charline Miot from the Bassing Lab:

(1) Are RAG-mediated double stranded DNA breaks (DSBs) required for the

difference in protein expression observed in PG thymocytes?

(2) What is the contribution of the E3 ligase activity of RAG1 in this control,

compared to the rest of the N-terminal domain of RAG1.

In order to answer these questions, we developed a genetic system to interrogate the role
of RAG1-DSBs, the N-terminal domain of RAG1, or the specific E3 ligase activity of RAG1.
As detailed in Table 3-1, Artemis”Bcl2'9 mice (mice that cannot repair RAG-mediated
DSBs) were bred to express RAG1"T, RAG17¢(E3 ligase-dead), or RAG1°°"(lacking entire
N-terminal domain of RAG1). These were compared to RAG17(complete absence of
RAGH1, i.e. no DSBs nor RAG1 protein), and RAG1°A(presence of RAG1 without DSBs)
mice. Since none of these mice can rearrange antigen receptor loci, they all express the
fully rearranged transgenic TCRp, VB14\T (referred to as VBNT)(148), which allows them
to progress through the DN3->DN4 TCRp-selection checkpoint, before they become

trapped at the DP stage since they cannot successfully rearrange TCRa. Therefore,
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thymocytes from all these cells do not fully rearrange a functional TCR, do not get a TCR-
signal, and therefore maintain RAG expression. Thus, this system serves us well to

answer the proposed questions.

We show that RAG1-enhanced ZAP70 protein expression does not require RAG-
mediated DSBs since RAG1°” mice have equivalent ZAP70 protein expression to RAG1VT
expressing thymocytes (Figure 3-7 A). However, the RAG1 N-terminal domain is essential
for this activity since RAG1" and RAG1°°" expressing mice have substantially reduced
ZAP70 expression (Figure 3-7 A). RAG17® expressing mice in this experiment do not have
an observable difference in ZAP70 expression, but this is expected since there is not an
observable difference in ZAP70 expression in equivalent Stage 1 thymocytes between
normal WT and PG mice (Figure 3-5 B/D). Hence, the RAG1-ES3 ligase activity appears to
contribute to but is not the only region of the N-terminal domain of RAG1 that enhances

ZAP70 expression. As with the normal WT vs PG thymocytes, these differences in protein

expression are not due to lower mRNA levels of ZAP70 (Figure 3-7 B).

We were interested to determine whether this mechanism of control was true for
all proteins that RAG1 regulates expression of. We chose to also investigate whether
CD80 expression was induced on thymocytes in a similar manner since CD80 has been
shown to be upregulated following RAG-DSBs in B cells (92). Unlike ZAP70, CD80
expression on thymocytes is absolutely dependent on the presence of RAG-DSBs since
RAG1P* expressing mice cannot upregulate CD80 expression (Figure 3-7 C). RAG1P®
and RAG1°°"® mice also have decreased CD80 protein expression. This could either be
due to reduced DSBs by these more inefficient RAG1 enzymes, or by direct regulation of

protein.
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Unlike ZAP70, CD80 protein expression directly correlates with CD80 mRNA
expression (Figure 3-7 D). However, like the effects of the RAG1 N-terminal domain on
ZAP70 expression, there is again a graded decrease from WT - PG - Core, suggesting
that while the E3 ligase domain of RAG1 enhances ZAP70 and CD80 expression, other
domains within the N-terminal region also contribute. Overall this data highlights that the
expression of multiple proteins is enhanced by RAG1 activity, and the RAG1 N-terminal
domain by a number of different mechanisms. It is therefore likely that the RAG1 protein
can drastically reshape the proteome of a developing lymphocyte and have important
effects on the outcome of lymphocyte development. This requires larger proteomic and
transcriptomic analysis to delve further, but since the focus of this report is largely focused
on the RAG1-mediated control of signaling proteins, | sought to investigate further whether

TCR signaling in RAG1"® thymocytes was negatively impacted.

OT1* : TAP1”" bone chimeras do not provide an adequate system to investigate

signaling differences between thymocytes

Given the small but consistent differences in ZAP70 expression within developing WT and
PG thymocytes, we expect small differences in TCR signaling. While we attempted cross-
linking of thymocyte TCRs with anti-CD3 to measure signal strength, this is likely too
strong of a TCR signal and thus not sensitive enough compared to normal pMHC:TCR
crosslinking that have avidities 3-6 orders of magnitude less than anti-CD3 crosslinking
antibodies (149, 150). These experiments did not show consistent differences in signaling
between WT and PG thymocytes. Therefore, we required the use of a fixed TCR to
measure pMHC:TCR signaling of developing thymocytes and chose the well characterized

ovalbumin-peptide (SIINFEKL) specific, MHCI restricted, OT1 TCR due to its vast array of
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available tools. Unfortunately, in order to measure the effects of RAG expression, having
a pre-rearranged TCR is not ideal as positive selection signals rapidly turn off RAG1
expression. As such, effects of RAG1 on ZAP70 expression are likely muted, and in fact
this was the case as no difference in ZAP70 expression was observed between

OT1'*RAG1"T and OT1*RAG1P® thymocytes (data not shown).

One method to subvert these problems is to perform these experiments on a non-
selecting background. We chose to begin with the TAP17- background as mice lacking
TAP1 cannot load peptide onto MHCI, therefore surface expression of MHCI is very low
and MHClI-restricted CD8+ T cells cannot be positively selected (151). Therefore, this
should satisfy the requirements of the ideal system where OT1 expressing T cells are

trapped at the DP Stage 1 phase of development and maintain high expression of RAG1.

In a first attempt to develop such a system, | chose to make mixed OT1 RAG1""

and OT1 RAG1”® bone marrow chimeras in TAP1”" hosts (Figure 3-8 A). Unfortunately,
the OT1 cells (both WT and PG) in TAP17 hosts are not effectively halted at DP-Stage 1
(CD69- CCR7-) (Figure 3-8 B/C). While the OT1 cells in TAP17 hosts are partially delayed
compared to regular OT1 thymocytes (which progress through positive selection very
rapidly), there is significant upregulation of CD69, indicating a positive selection signal that
is likely sufficient to turn off RAG1 expression, and subsequently any RAG1 effects (Figure
3-8 B/C). This is striking when compared to VB14VTRAG1™” or VB14"TArtemis”Bcl2'
controls which are preventing from progressing though positive selection by virtue of their

inability to rearrange TCRa..
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As a result, no difference in ZAP70 expression between OT1 RAG1"" and OT1
RAG1"C® thymocytes is detected (Figure 3-8 D). Phospho-yH2AX, which is a unique
histone that gets recruited to sites of DNA breaks, was used as a proxy for RAG-DSB
break formation, and hence RAG1 expression (152). OT1 cells in TAP1”- hosts show
almost no increase in phospho-yH2AX staining compared to regular OT1 cells, suggesting
that RAG1 expression and activity is not maintained in this system as expected (Figure 3-
8 E). VB14""RAG1" and VB14NTArtemis”Bcl2' thymocytes were used as negative and
positive controls for zero, and many RAG1-induced DSBs respectively (Figure 3-8 E,

Table 3-1).

While ZAP70 is not observably different between WT and PG expressing OT1
cells, we were still curious to probe whether this system could be utilized to determine
small TCR signaling differences by thymocytes. Thymocytes from chimeric mice were
plated onto bone marrow derived dendritic cells (BMDCs) that had been pre-loaded with
the canonical SIINFEKL peptide (for which the OT1 TCR is specific for) of different
concentrations and altered peptide ligands (for which the OT1 TCR has various affinities
for). CD69 expression was read out as a measure of TCR stimulation and despite there
being no difference between OT1 RAG1"" and OT1 RAG1"€ cells, this system should be
sensitive enough to detect small signaling differences (Figure 3-8 F). This system is in the

process of being improved and will be discussed further in Chapter 3-4.
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ZAP70 overexpression cannot rescue positive and negative selection defects of

RAG1"¢ expressing T cells

The next question was whether overexpression of ZAP70 could rescue any of the

developmental defects observed in the RAG17® mice. Namely:

(1) Can ZAP70 overexpression enhance the DN3 to DN4 transition for RAG1P®

thymocytes, since ZAP70 can compensate for SYK signaling in DN3 cells (146)?

(2) Can ZAP70 overexpression rescue the positive selection defect that RAG17¢

thymocytes display?

(3) Can ZAP70 overexpression rescue the negative selection defect that RAG17¢

thymocytes display?

To address this, hematopoietic progenitors (LSK cells) were sorted from WT and PG bone
marrow, transduced with ZAP70 overexpressing (ZAP70°F) retrovirus (or GFP control),
and adoptively transferred into BALB/c X B6 F1 hosts (Figure 3-9 A). Since transduction
of the donor cells was not 100%, and WT and PG cells were co-transferred into hosts,

within a single host, 4 cell populations can be analyzed:

1. WT GFP
2. WT GFP* (Control or ZAP70°F)
3. PG GFP

4. PG GFP* (Control or ZAP70°F)

Successful engraftment of host mice with ZAP70°F cells that can develop into thymocytes

was achieved in a proportion of the mice, and ZAP70 expression is driven to a very high
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level in these cells (Figure 3-9 B). In asking whether ZAP70 overexpression can enhance
the DN3 to DN4 transition of developing PG T cells, | examined CD25 expression on CD4
CD8 CD44" cells from GFP+ control and ZAP70°F thymocytes. There was a large amount
of variation between samples, but the DN3->DN4 defect appears to be present in PG-
control cells compared to WT-control cells (Figure 3-9 C). This trends towards being a less
prominent defect in ZAP70°F cells (Figure 3-9 C). However, this needs to be repeated with

large numbers of mice to account for the high variability.

To observe the effect of ZAP70 overexpression on positive selection, CD69, TCRp,
and CCR7, were measured on the surface of developing thymocytes (Figure 3-9 D).
ZAP70 overexpression did not change the expression of any of these developmental
markers. To account for differences in TCRp expression between WT and PG cells, CD69
MFI was normalized to TCRp MFI of Stage 1/2 (CCR7-), TCRp+ thymocytes. The

0°F should increase the relative CD69 signal per amount of

expectation was that ZAP7
surface TCR, since TCR signaling should be increased. This was not the case and in fact
the opposite occurred with the CD69/TCRp ratio decreasing in ZAP70°F cells (Figure 3-
9 E). Potentially, enhanced signaling may promote more rapid upregulation of CCR7 and
therefore CD69 high cells quickly exit the Stage 1/2 gate, or such strong signaling may
enhance negative selection at Stage 2. Of note, in this system there was not significant

differences in CD69/TCRp expression between WT and PG cells potentially suggesting

that the positive selection defect may not be cell intrinsic.

Finally, we wished to determine whether negative selection was impacted by

ZAP70 overexpression. In using BALB/c X B6 F1 hosts, we hoped to measure v35.1-5.2
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and vB12 deletion in these mice as described for Figure 3-3 (C/D). Unfortunately, in this
chimeric system, neither vf35.1-5.2 nor vB12 (data not shown) were efficiently deleted
(Figure 3-9 F). ZAP70 overexpression had no effect on deletion (Figure 3-9 F). Thus, it
was not possible to effectively assess negative selection in this model. Overall this model
was not convincingly able to answer any of the questions posed regarding whether ZAP70

overexpression can rescue any of the developmental defects observed by PG mice.

Peripheral RAG17¢ T cells can make more cytokines ex vivo and have a prolonged

expansion of short-lived effector T cells following LCMV infection

Given the work by the Sun group showing the long-lived effects of RAG activity on the
effector functions of NK and T cells (1563), and that we expect the PG mice to have an
increase in the number of peripheral T cells that are autoreactive, we were interested to
probe their surface phenotype and cytokine producing ability ex vivo. Naive and memory
phenotypes of CD4+ and CD8+ T cells from naive WT and PG mice are not exceptionally
different (Figure 3-10 A/B). Upon stimulation with PMA and ionomycin, a slightly higher
frequency of CD4+ and CD8+ T cells from naive PG mice are able to make cytokines

(Figure 3-10 C/D).

| thought it possible that these small differences may be amplified by an immune
stimulus such as a viral infection. Therefore, WT and PG mice were infected with an acute
strain of lymphocytic choriomeningitis virus (LCMV-Armstrong) and sacrificed at both an
early timepoint at the peak of the immune response (Day 7 post-infection) and at a later,
memory timepoint (Day 35 post-infection). At day 7 post-infection there is no difference in

the numbers of CD4+ or CD8+ T cells between WT and PG mice, but by day 35 post-
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infection a larger number of both CD4+ and CD8+ T cells remained, suggesting a defect
in the contraction phase of the immune response (Figure 3-11 A). PG T cells were equally
able to mount an antigen specific CD8+ T cell response as measured by gp33-tetramer
staining and peptide-specific re-stimulation (data not shown). Contraction of antigen-
specific T cells also appeared to be equivalent between WT and PG genotypes (Figure 3-

11 B, data not shown).

The most striking difference between the WT and PG CD8+ T cells was the
enhanced retention of the short-lived effector (SLEC) population at day 35 post-infection
(Figure 3-11 C). While important for clearance of infection early, these cells typically
contract substantially after the infection has been cleared (as observed by the WT cells).
Correspondingly, PMA/ionomycin re-stimulation of cells isolated from these mice shows
that an increased frequency of PG CD8+ CD44+ T cells make IFNy and TNFa at day 35
but not day 7 post-infection (Figure 3-11 D). While this is not a large difference in cytokine
production, this suggests that activated effector PG T cells do not contract as efficiently

as WT counterparts.

Naive PG CD4+ T cells induce more severe colitis and disseminated inflammation

when transferred into RAG1" hosts

While the evidence suggesting that negative selection of RAG1°® T cells is impaired is
strong, in such a setting it would be expected that escape of autoreactive T cells should
lead to autoimmunity. However, as discussed in Chapter 2, C57BL/6 mice are
exceptionally resistant to autoimmune diseases such as AIRE deficiency (126). Similar to

the RAG1™ mice, RAG1”® mice do not present with overt autoimmune symptoms (data
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not shown). In an attempt to determine whether RAG1”C T cells can cause autoimmunity,
| utilized the model of autoimmune colitis which involves the transfer of naive, non-Treg
CD4+ T cells into RAG1” hosts (154, 155). This system, because of the absence of Tregs,

leads to the induction of CD4+ T cell driven colitis (156). The hypothesis for this

1PC qWT

experiment is that if RAG mice have more autoreactive CD4+ T cells than RAG
mice, then transfer of PG cells to RAG1™ hosts should cause more severe colitis and/or

disseminated autoimmunity.

The first observation was that there was a wide spread of phenotypes from host
mice that got either WT or PG cells. Despite this a number of differences emerged. PG-
transfer mice had slightly accelerated weight-loss compared to WT-transfer mice (Figure
3-12 A). Both WT and PG mice lost weight compared to co-housed “No transfer’(NT)
controls, indicating both WT and PG CD4+ T cells can cause disease in this model, in our
animal facility (an important consideration given the effect that microbiota and animal
facility can have on the outcomes of this model (157, 158)). Death in this model within 8
weeks post-transfer of cells is unexpected, and even though it did not reach statistical
significance, more PG-transfer mice died prematurely (Figure 3-12 B). Additionally, there
was clear signs of non-colitis pathology that was present primarily in the PG-transfer mice,
including three mice with very severe dermatitis (Table 3-2). Overall there were 10 (of 18
total) adverse, non-colitis pathologic events observed for the PG-transfer mice compared

to 1 (of 15 total) WT-transfer mice.

Gross characterization of colitis severity included measurement of colon
shortening, where PG-transfer mice fare worse than WT-transfer mice (Figure 3-12 C);

and colon wall thickening (measured as the ratio between weight and length of colon) is
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equivalent between WT- and PG-transfer mice, but worse than NT controls (Figure 3-12
D). At the time of writing this report, pathology photographs are unavailable, yet upon
blinded examination of hematoxylin and eosin (H&E) stained colons from WT and PG
mice, colonic tissue damage was worse in the PG-transfer mice. Pathology of colons, skin,

livers, and lungs is forthcoming.

Strikingly, spleen weights of the PG-transfer mice were substantially larger than
the WT-transfer mice (Figure 3-12 E). This correlated with higher CD4+ T cell counts in
the spleen of PG-transfer mice compared to WT-transfer, a similar trend in livers, but no
difference in the mesenteric lymph nodes (MLN) (Figure 3-12 F). This suggests that WT
and PG cells can equivalently expand in the gut and gut draining lymph node (i.e. MLN),
but PG cells have an advantage in peripheral dissemination. Interesting to note, 0.5million
transferred CD4+ T cells have the ability to expand in a lymphopenic host to a striking

degree (up to 40million cells in one spleen).

The transfer model of colitis is driven in large part by Th1 and Th17 skewed cells
(159, 160), hence | was interested to examine whether there were differences between
WT and PG cells in their ability to make these cytokines and skew appropriately. There is
a wide distribution of response mouse-to-mouse, cage-to-cage, and experiment-to-
experiment. For example, in one experiment, there were vastly different abilities between
WT and PG CD4+ T cells to make cytokines (Figure 3-12 G), where splenic and MLN
isolated CD4+ T cells from PG-transfer mice made substantially more IFNy, and less IL-
17A upon ex vivo re-stimulation (Figure 3-12 G; data not shown). Despite this experiment

to experiment variability, using mixed-effects methods to account for experiment as a
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random variable, there is a statistically significant increase in IFNy, and decrease in IL-

17A production by spleen-isolated PG-transfer cells compared to WT (Figure 3-12 H).

Next the expression of the canonical Th1 and Th17 lineage defining transcription
factors, Tbet and RORyt respectively, within the WT- and PG-transfer CD4+ T cells was
examined. Like cytokine production, these results were variable with large experiment to
experiment variation. From one experiment, Tbet expression from spleen and MLN
isolated PG-transfer cells was far higher than in WT counterparts (Figure 3-12 1), yet when
combined from multiple experiments there appears to be no overall difference in Tbhet
expression between WT and PG cells (Figure 3-12 J). For RORyt however, within and
across experiments, a decreased frequency of PG-transfer CD4+ T cells express RORyt
compared to WT counterparts (Figure 3-12 L). Importantly, there was no difference in
induced Tregs between WT- and PG-transfer cells (less than 1%, data not shown).
Normally, a large discussion of variability between mice and experiments would not be
warranted, yet because of the mechanism of how we see inefficient negative selection
within the RAG1P° mouse occurring, such variation is not surprising. This will be expanded

upon in Chapter 3.4.

Finally, since a higher frequency, and therefore a higher number of PG-transfer
cells were able to make IFNy following re-stimulation, | queried whether this led to a
systemic increase in IFNy. Serum ELISAs from these mice confirmed that serum IFNy
was increased in PG-transfer compared to WT-transfer mice (Figure 3-12 M). There was
no statistical difference in serum IL-6 (Figure 3-12 N) between WT- and PG- transfer mice

although there were two PG-transfer mice that had extremely high IL-6 levels
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comparatively. As expected, the NT control mice had limited detected serum IFNy or IL-

6. IL-17A serum levels were not available at the time of writing but are forthcoming.

PG CD4+ T cells can skew to different effector fates equivalently in vitro, and

outcompete WT cells, likely via enhanced survival

The difference between the effector fates of WT- and PG-transfer cells in the RAG1™
transfer model was interesting. | hypothesized that that mechanism for this could be one

of three, non-mutually exclusive reasons:

1. PG CD4+ T cells have an intrinsic epigenetic programming that favors Th1
skewing over Th17 skewing.
2. PG CD4+ Th1 cells outgrow WT CD4+ Th1 cells but not Th17 (hence the
increase in total PG CD4+ T cells within the RAG1™ host).
3. A higher frequency of PG CD4+ T cells can access tissue sites within the
RAG1" host that permit environmental-dependent Th1 skewing over Th17
skewing.
To address options 1) and 2), naive WT and PG CD4+ T cells were sorted and co-cultured
with irradiated feeder splenocytes with anti-CD3 and anti-CD28 antibodies, along with
relevant skewing cytokines for ThO, Th1, Th2, Th17, and Treg differentiation for 5 days.
CD4+ T cells were then stained for relevant Th-defining transcription factors and re-
stimulated with PMA/ionomycin to measure expression of Th-defining cytokines.
As displayed in Figure 3-13 (A-D), the large majority of the cells can make
TNFa suggesting all cells at the end of the culture are functional. Importantly, Th1 cells

make IFNy (Figure 3-13 B), and Th17 cells make IL-17A (Figure 3-13 D). Overall, PG
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CD4+ T cells appear to be slightly better than WT CD4+ T cells at making some of the
cytokines in these conditions, and there is not a cell-intrinsic inability to skew towards
Th17, which was the major question for this experiment. One of the more interesting and
unexplained outcomes is the increased expression of TNFa by PG skewed Tregs
compared to co-cultured WT Tregs (Figure 3-13 E). This was not due to an inability to
become a Treg as PG Tregs express FoxP3 equivalently to WT Tregs. This is an
interesting point for future investigation.

Strikingly, in support of option 2) above, PG cells were able to extensively
outcompete WT cells in ThO, Th1, and Th2 conditions, but not Th17 or Treg conditions
(Figure 3-13 G). To address whether PG CD4+ T cells could proliferate better than their
co-cultured WT counterparts, a similar experiment was performed where sorted WT and
PG cells were stained with CFSE and stimulated with anti-CD3/CD28 dynabeads to
measure proliferation ability. There was no difference in proliferation between co-cultured
WT and PG CD4+ T cells, suggesting that the major difference driving PG cells
outcompeting WT cells in vitro is due to enhanced survival of PG cells. Whether this is the
case in vivo is a point of future investigation, but increased survival of Th1 PG cells but
not Th17 PG cells compared to WT counterparts could account for the difference seen in
the RAG1™ transfer model. This does not exclude the possibility that option 3) is also a
contributing factor, which fits into the proposed model of RAG1’s impact on negative

selection and will be discussed below.
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3.4: Discussion

In this report | describe for the first time in detail, the effect of a specific point mutation in
RAG1 that eliminates RAG1 E3 ligase activity on in vivo T cell development. While the PG
mutation in RAG1 has a modest decrease in VDJ recombination in vitro when RAG1
protein is in limiting quantities (53), this E3 ligase activity appears to be more important
for the in vivo recombination activity of RAG1. This is likely due to the role that this E3
ligase domain has in ubiquitylating histone H3, and making RAG1 more permissible to
chromatin, a role that is of greater importance when recombining chromosomal DNA
compared to that used in the original recombination assays (49, 53). This defect in
recombination causes a defect in TCRp rearrangement at the DN3 stage of development,
and likely a mild defect at TCRa as well (although this cannot be resolved completely with
our data and would likely require single-cell TCR sequencing of unselected DP thymocytes
to confirm). Despite this, the effect on total numbers of thymocytes is modest, and does
not impact peripheral T cell counts, or phenotype. Peripheral T cell phenotype is important
to consider, as an increase in memory phenotype cells would suggest T cell lymphopenia
and homeostatic expansion as with the RAG1"Y* mice. However, this is not the case
suggesting lymphopenia driven expansion does not account for the sufficient numbers of
T cells in the periphery. Strikingly, there is a far more severe effect on B cells. Perhaps
this is a feature of pre-B cells having a relatively small proliferative burst compared to T
cells from the DN - DP stage, hence B cells are less able to overcome small disturbances
in recombination efficiency (68, 161, 162). Why this is the case for the RAG1”® mice, but
not RAG1™ or RAG1°°"® mice is unclear. More in depth analysis of B cell development in

the RAG17° mouse is being undertaken by our collaborator, David Schatz (Yale).
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The most striking finding in this report is the effect that a point mutation in RAG1
has on positive and negative selection of T cells. While many mutations in RAG1 (and
other genes that are important for T and B cell development) have been associated with
Omenn’s Disease (44), it is not clear how these mutations lead to autoimmunity. For the
first time | present a direct effect of a RAG1 mutation on positive and negative selection.
While complete mechanism has not been elucidated, it is intriguing to hypothesize that the
N-terminal region of RAG1 is able to increase the expression of signaling molecules, such
as ZAP70 and CD80, specifically during T cell development, such that TCR signaling of
thymocytes is enhanced against specific peptides, and thymocytes that express auto-
reactive TCRs are efficiently deleted. This increase in TCR signaling sensitivity in the
thymus, as has been proposed by others (86, 163, 164), allows for efficient deletion of
autoreactive cells, and cells close to the autoreactive threshold (Figure 3-14 A).
Thymocytes that are positively selected on self-peptides in the thymus, will no longer be
able to respond to these same peptides in the periphery (Figure 3-14 A). In the absence
of such a delta in TCR signaling between thymocytes and peripheral T cells, more
autoreactive cells can escape (Figure 3-14 B). Thus, this report proposes that since RAG1
expression is tightly regulated to T cells that are in the thymus (142, 165-167), and just
prior to positive and negative selection, RAG1 acts as a biological clock to shape the
thymic proteome to enhance thymic TCR signaling, only in the thymus. Importantly, the
difference in ZAP70 expression is maintained until the stage of development where
thymocytes have upregulated CCR7 and migrated to the medulla where most negative
selection occurs (i.e. Stage 4)(67). It would be interesting to see how long these effects of
RAG1 persist, and whether recent thymic emigrants (RTEs) maintain these effects given

these cells are also hypersensitive to low affinity antigen (168). This experiment could
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easily be performed using the RAG2-GFP reporter mouse that marks RTEs via continued

expression of GFP for a period of time after RAG2 expression has ceased (168, 169).

One potential criticism of these data is that these are small differences in ZAP70
expression, and whether these differences are biologically significant is not certain. This
is indeed fair criticism given that | was unable to correct the defects in positive and
negative selection by RAG1”C T cells with overexpression of ZAP70. While it is very likely
that RAG1 controls the expression of a large number of proteins, and ZAP70 alone may
not be sufficient to rescue defects, other groups have shown that suboptimal TCR
signaling due to hypomorphic ZAP70 leads to similar defects in negative selection and
pre-disposition to autoimmunity (77, 79, 170). We also show a defect in negative selection

in RAG1P® mice, on the order of magnitude that is similar to other reports.

This report also does not address whether this decrease in ZAP70, or indeed
whether TCR signaling of thymocytes regardless of ZAP70 expression levels, is different
in RAG1"T vs. RAG1P€ cells as is proposed. Unfortunately, the system utilized here was
imperfect in a number of ways, including that positive selection in TAP17~ mice is slightly
leaky such that there is not a complete absence of CD8+ T cells in these mice (171).
Additionally, since this experimental system utilized chimeric mice, the OT1 RAG1"T and
OT1 RAG1"® donor cells have expression of MHCI and may be able to induce positive
selection of neighboring thymocytes. Indeed, we have since shown that thymocytes are
able to present peptide and activate other thymocytes (data not shown). It is also possible
that OT1 TCRs can positively select on MHCII, and in these mice it is possible to detect
OT1 CD4 single positive thymocytes. In order to improve this model, OT1 RAG1"" and

OT1 RAG1P® mice have been crossed to p2m™ mice, which should provide a more
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complete block of positive selection, and continued RAG1 expression, and has been
utilized previously to detect small changes in TCR signaling, positive selection in response

to low affinity peptides, and negative selection in response to high affinity peptides (172).

While intriguing ideas, the presented data does not address mechanistically how
the RAG1 N-terminal domain impacts expression of certain proteins, and many future
experiments will be performed to address these problems. Additionally, it is unlikely that
ZAP70, SYK, and CD80 are the only proteins affected by RAG1 activity. However, given
that RAG-driven DSBs induce transcriptional upregulation of proteins such as CD80 which
is further amplified by the RAG1 N-terminal domain, and that the RAG1 N-terminal domain
is required only for the post-transcriptional expression of other proteins such as SYK and
ZAP70, it appears the N-terminal domain of RAG1 shapes the proteome of the developing
thymocyte in a number of ways (Figure 3-15). Regarding the post-transcriptional
regulation of proteins such as SYK and ZAP70, it is tempting to postulate that the E3 ligase
activity acts to stabilize such proteins via direct ubiquitylation. However, given that RAG1
is strongly localized to the nucleus, it is unlikely to have much contact with such
cytoplasmic proteins. Therefore, either an intermediate effector that RAG1 can interact
with performs this function, or the N-terminal domain of RAG1 is required for
transcriptional regulation of a program of proteins that can allow for increased expression
of other proteins, via enhanced translation, decreased degradation, or both. Experiments
to address whether protein translation is increased, protein degradation is reduced, and
proteome/transcriptome-wide analysis to measure the global effect of the RAG1 N-
terminal domain, and specifically the E3-ligase activity, are planned for the immediate

future.
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Given we have shown a defect in negative selection by RAG17® T cells in a model
of superantigen-mediated negative selection, it would be expected that mice may develop

signs of autoimmunity. RAG17®

mice do not present with overt autoimmunity, but this is
not necessarily unexpected as C57BL/6 mice are relatively resistant to autoimmunity
compared to other mouse strains, as discussed earlier. To address whether the
expression of RAG17® causes a pre-disposition to autoimmunity, we have engineered the
P326G mutation onto the non-obese diabetic (NOD) mouse background. This background
presents with spontaneous autoimmunity due to impaired peripheral tolerance
mechanisms (173-175). We expect to see RAG17® NOD mice present with disease more
rapidly given the defect in negative selection/central tolerance. These experiments are
forthcoming. Nevertheless, we were able to show that peripheral T cells had heightened
cytokine producing capabilities at baseline, and that upon infection with LCMV, there was
a persistent expansion of activated short-lived effector cells. In NK cells and CD8+ TCR
transgenic T cells, it was described that RAG-DSBs were important in allowing these cells
to become effective memory cells that persist after clearance of infection (153). This is
similar to the phenotype presented here, as NK cells without RAG-DSBs were hyper-
functional at baseline also. It was presumed that these lasting effects were a result of
RAG-mediated DSBs that enhance survival later in the lifetime of the NK cell, yet it could
be possible that the RAG1 N-terminal domain could act to provide these long-term benefits
in the absence of DSBs. While RAG17¢ T cells appear to have enhanced survival, at least
in terms of numbers at later time-points post LCMV infection, these models are slightly
different, because RAG1"® cells have still experienced RAG-DSBs (since they have a

recombined TCR), and it is possible that survival, and hyper-functionality are mutually
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exclusive. Future investigation will determine the role of RAG-DSBs vs. the N-terminal

domain of RAG1 on these phenotypic effects.

1PC T cells are able to cause

Finally, in an attempt to determine whether RAG
autoimmunity, we utilized the model of adoptive T cell transfer into RAG1”" hosts. This
model removes the peripheral tolerance afforded by Tregs and leads to T cell driven colitis.
For WT-transfer mice, this is typically limited to intestinal inflammation, most likely due to
the inflammatory environment, and the abundance of non-self-antigen. While most mice
develop some level of disease/inflammation, measured by weight-loss (compared to no
transfer controls), colon shortening/thickening, or elevated serum IL-6 levels, the most
obvious difference between RAG1"T and RAG1P¢ mice was the appearance of non-colitis
associated disease phenotypes. These phenotypes were diverse, and this is to be

1P® mice have a defect

expected when considering the model. It is hypothesized that RAG
in negative selection, and hence central tolerance, thus RAG1”® mice have more
autoreactive T cells in the periphery. Yet the specificity of those T cells is likely to be
extremely variable. Given 0.5million naive CD4+ T cells are transferred into each of the
RAG1™ hosts, and there is on the order of 0.01-0.001% of cells that are specific for a given
peptide (176), it is unlikely that all recipients will be transferred with autoreactive T cells
that are reactive to the same tissue. Thus, it is maybe not surprising that the phenotypes
observed are varied. Likewise, tissue distribution is important in specifying the effector
differentiation phenotype of CD4+ T cells as different Th subsets are differentiated based
on exposure to different cytokines (177), and different tissues have different expression of

different Th skewing cytokines. Correspondingly, there is an altered number of RAG17®

cells than can make the Th1-defining cytokine, IFNy, vs the Th17-defining cytokine, IL-
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17A, potentially hinting at the possibility that RAG17® T cells were able to access tissue
sites that provided enhanced Th1 skewing conditions. While | showed that RAG17® T cells

do not have an intrinsic defect in becoming Th17 cells, RAG1"®

Th1 cells outcompete
RAG1"T Th1 cells, but the same is not true for the same cells skewed towards Th17. This
enhanced expansion was not due to increased proliferation and is likely due to enhanced
survival in Th1 conditions, however, further work is necessary to prove this. This

phenotype also helps to explain why RAG17¢

mice show equivalent early expansion of
CD4+ and CD8+ T cells during LCMV infection (a strong Th1-skewing infection), but

increased numbers of cells later after infection has presumably cleared.

Overall, this work provides an important step in the understanding of how RAG1
can modulate T cell development in addition to its well characterized role in VDJ
recombination. This report opens up a wide array of possible future directions and areas

of study, many of which are already underway.
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Figure 3-1: T and B cell development is impaired at antigen receptor rearrangement

steps in RAG1°¢ mice

Thymi from 6-9 week old RAG1"WT and RAG17¢ mice were analyzed for gross defects in T cell
development. Frequencies (A) and counts (B) of DN, DP, and CD4 SP or CD8 SP cells shown.
Pre-gated on live singlets. Frequencies (C) and counts (D) of relative DN populations (DN1-4) are
shown. Pre-gated on live singlets, CD4-, CD8", TCRp". Bone marrow from femurs was stained to
interrogate B cell development. (E) Representative frequencies of IgM*CD19* immature B cells of
B220"CD93* developing B cells. (F) Representative frequencies of pre-pro B, pro B, and pre B
cells of IgM- developing B cells. (G) Quantification of total numbers of developing B cells from a
single femur. 8-10 mice per genotype. (H) Number of splenic B (CD19"TCRp"), CD4* T cells (CD19
TCRB*CD4"), CD8" T cells (CD19TCRB*CD8*), and non T or B cells (CD19TCRp"). 6 mice per
genotype. All data combined from at least 2 independent experiments. Bars indicate mean +/- SEM.
Stats: 2-way ANOVA with Sidak multiple comparison test.
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Figure 3-2: RAG1P¢ thymocytes have reduced recombination efficiency

Sorted DN3 thymocytes from WT and PG mice were assayed by qPCR for frequencies of

respective V3 to DBJB1 rearrangements (A), and Vp to DBJB1 rearrangements (B), 3 mice per
genotype. *not detected. Gating: live, singlets, dump™ (B220, CD8, CD4, CD11b, CD11¢c, Gr1,

NK1.1, Ter119), CD4-, CD8, CD25"%, CD44". (C) TCR Va to Ja rearrangements from sorted double
positive thymocytes. Showing respective Va to Ja pairings. Gating: Live singlets, CD4*, CD8*. 3
mice per genotype. “not detected.
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Figure 3-3:
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I-E¢ Reactive

|-E¢ unreactive

Positive and negative selection is impaired in RAG1°® mice
(A) Gating strategy for measuring positive selection of thymocytes. Pre-gating: Live singlets, CD4*
AND/OR CD8*. (B) Number of stage 2 (CD69*CCRTY") cells of total Stage 2 and Stage 1, TCRp*
cells. 10-11 mice per genotype. Data combined from 3-independent experiments. Cross-bar =
global mean. Stats: 2-way anova, indicating effect of genotype. (C) Example gating strategy of
thymocytes from F1 generation of BALB/c RAG1’ mice crossed with B6-RAG1V™T or B6-
RAG1PC/PC mice, stained for vp5.1-5.2, vB6, vB8, vB12, and vB14. Pre-gated on live singlets. (D)
Ratio of v cells that progress to post-selection, of those cells that are produced at the pre-selection
stage. Normalized to total thymocytes in either (pre or post-selection) population and WT controls.



Data combined from 2-independent experiments. 9 mice per genotype. Bars indicate mean +/-
SEM. Stats: 2-way ANOVA with Sidak multiple comparison post-test.
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Figure 3-4: SYK protein, but not RNA expression is decreased in RAG1°¢ DN3
thymocytes compared to RAG1"T

(A-B) DN3 thymocytes were stained for total SYK protein expression. 3-4 mice per group. Pre-
gating: Live singlets, CD4", CD8", TCRp", CD25*, CD44" (example gating seen in Figure 3-1).
Representative of 2-independent experiments. (C) DN3 thymocytes were sorted and RNA isolated.
RNA was converted to cDNA and Syk RNA expression was quantified. Relative RNA was
calculated using ddCt method with HPRT used as housekeeping control, and a WT sample as
control. Bars indicate mean +/- SEM. Stats = unpaired t-test.
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Figure 3-5: ZAP70 protein, but not mRNA, expression is decreased in developing
RAG1PC thymocytes
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(A) Gating strategy for positive and negative selection stages. Pre-gating: Live singlets, CD8*
AND/OR CD4*. (B) ZAP70 staining on respective developmental stages. (C) TCRp expression on
respective developmental stages. (D) ZAP70 median fluorescence intensity on respective
developmental stages. 4-5 mice per genotype. Representative of 3 independent experiments. (E)
TCRb median fluorescence intensity on respective T cell developmental stages. 4-5 mice per
genotype. Representative of 3 independent experiments. (F) Relative ZAP70 mRNA expression
from respective sorted thymocyte populations. Relative RNA was calculated using ddCt method
with HPRT used as housekeeping control, and a WT DN3 sample as control. Bars indicate mean
+/- SEM. Stats = 2-way ANOVA with sidak multiple comparison post-test.
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Figure 3-6: ZAP70 expression is not different in peripheral RAG1°¢ T cells

(A) Representative histograms showing expression of total ZAP70 between RAG1"T and RAG17¢
naive CD4"* T cells (left) and naive CD8" T cells (right) compared to isotype controls. (B) Summary
data of ZAP70 expression in Naive CD4* T cells (CD44- CD62L*), Memory CD4* T cells (CD44*
CD62L"), Tregs (CD25%), Naive CD8" T cells (CD44CD62L*), Central Memory CD8* T cells
(CD44*CD62L"), and Effector Memory CD8" (CD44*CD62L"). Pre-gating: Live singlets, TCRf",
CD4* OR CD8". 3 mice per genotype, representative of N=2 independent experiments. Stats: 2
way ANOVA with Sidak multiple comparison post-test.
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Figure 3-7: N-terminal region of RAG1 controls protein expression levels of signaling

molecules via both transcriptional and non-transcriptional regulation

Mice described were engineered such that thymocytes progress to but get trapped at the double
positive stage of T cell development (see Table 3-1). (A) Protein expression of ZAP70 measured
by flow cytometry of trapped DP thymocytes (CD4*CD8*CD69°) from respective mice. MFI reported
normalized to RAG1”- mice. Data combined from 3 independent experiments [N: WT=10, PG=3,
Core=6, -/- =16, DA=3]. (B) ZAP70 mRNA expression from sorted DP thymocytes
(CD4*CD8"CD69") from respective mice measured by qPCR. Data combined from 3 independent
experiments [N: WT=8, PG=5, Core=7, -/- =12, DA=3]. (C) %CD80 of trapped DP thymocytes
(CD4*CD8*CD69") from respective mice measured by flow cytometry. Data combined from 3
independent experiments [N: WT=14, PG=6, Core=9, -/- =14, DA=6]. (D) CD80 mRNA expression
from sorted DP thymocytes (CD4*CD8*CD69") from respective mice measured by qPCR. Data
combined from 3 independent experiments [N: WT=7, PG=5, Core=7, -/- =8, DA=3]. All data was
analysed by one-way ANOVA and Dunnett’s post test to compare each genotype individually with
VBNT*RAG1VTArtemis™Bcl2'9 mice. Experiment performed by Charline Miot (Bassing Lab).
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Figure 3-8: OT1* TAP1/ Chimeras do not provide a sufficient system to probe signaling
differences between RAG1"" and RAG1°° thymocytes.

(A) Outline of experimental system. (B-C) Gross T cell development of RAG1WToPCOT1*
thymocytes developing in TAP17 hosts compared to a normal RAG1YTOT1* thymus, and
VBNT*RAG1" or VBNT*RAG1WTArtemis”Bcl2'9 thymuses as positive controls for developmental
blocks at DP stage of thymocyte development. (B) pre-gating: live singlets. (C) pre-gating: live
singlets, CD4* AND/OR CD8", WT=CD45.1* or PG=CD45.1". (D) ZAP70 expression in
RAG1WTePCQOT1* thymocytes developing in TAP1” hosts. Lines connect WT or PG thymocytes
within the same TAP1" host. Analyzed by 2-way paired ANOVA with Sidak post-test.
Representative of 3 independent experiments. (E) phospho-yH2AX staining from RAG1WToPéQT1*
thymocytes developing in same TAP1” host, compared to a normal RAG1"WTOT1* thymus, and
VBNT*RAG1"- or VBNT*RAG1"WTArtemis”Bcl2'9 controls representative of at least 9 chimeric mice,
and 3 controls. (F) Thymocytes from RAG1WToPCOT1*.TAP1/- chimeric mice with incubated on
peptide-loaded BMDCs for 2 hours, and CD69 expression of DP thymocytes was measured by flow
cytometry. Peptides were canonical SIINFEKL peptide that the OT1 T cell receptor is specific for,
and altered peptide ligands of various affinities. Peptides were incubated with BMDCs at respective
concentrations for 2 hours prior to co-culture. Gating: Live singlets, thymocytes (excluding large
BMDCs), CD4*, CD8", CD45.1*°"~.
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Figure 3-9: ZAP70 overexpression cannot rescue developmental and negative selection

defects of PG thymocytes in an imperfect system
(A) Outline of experimental system. (B) ZAP70 expression in chimeric mice 5weeks post transplant.
Gating: Live singlets, DP (CD4*CD8*); SP (CD4*CD8"); GFP* ° ~. (C) Investigation of DN3 to DN4
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transition in chimeric mice. Showing %CD25+ of CD44 DN thymocytes as a proxy of the ratio
between DN3 and DN4 thymocytes (gating: Live, singlets, CD4:, CD8, CD44, GFP*°- ;
WT=CD45.1*CD45.2", PG=CD45.1'CD45.2%). N.B. Host cells are CD45.1*CD45.2* and are
excluded from analysis. Data combined from 2 independent experiments. Data points were
excluded if less than 1% GFP", or less than 1% from a respective donor. Analysed by 2-way
ANOVA with Tukey post-test. (D) Investigation of positive selection in chimeric mice. CD69, TCRp,
and CCRY expression is shown from a single chimeric mouse that includes all 4 populations of
cells of interest: WT-GFP-, WT-GFP*(ZAP70°), PG-GFP-, PG-GFP*(ZAP70°F). Gating: Live,
singlets, CD4* AND/OR CD8*, GFP*9R ; WT=CD45.1*CD45.2", PG=CD45.1-CD45.2"). N.B. Host
cells are CD45.1*CD45.2* and are excluded from analysis. (E) Investigation of positive selection in
chimeric mice. Showing ratio of CD69 MFI to TCRp MFI in Stage 1 or Stage 2 thymocytes (gating:
Live, singlets, CD4* AND/OR CD8*, CCR7-, TCRpB*; WT=CD45.1*CD45.2", PG=CD45.1"CD45.2%).
N.B. Host cells are CD45.1*CD45.2" and are excluded from analysis. Analysed by 2-way ANOVA
with Tukey post-test. (F) Investigation of negative selection via super-antigen mediated negative
selection as described for Figure 3-3. The expression of I-E©:MMTV reactive Vp5.1-5.2 and
unreactive V6 TCRs are shown on Stage 4/5 thymocytes from chimeric mice, or a BALBc/B6 F1
control (control for efficient negative selection). Gating: Live, singlets, CD4* AND/ORCD8*, CCR7*
GFP-OR* 'WT=CD45.1*CD45.2", PG=CD45.1-CD45.2*, BALBc/B6-F1=CD45.1*CD45.2".

84



A 1007 s

® .
3 |Pe
|_
% 50—
o
© n.s.
® o8
o—T—— 71—
Tn  Tmem
Co
© 80
° n.s.
- ns.
¢ .' KKKK
e g .
[®) 40_ ' _' *%
3 Thals
o 8 ]
S ns.
N U B e —
ARG IS
N N Y
& v
Ny v
Figure 3-10:

compared to WT counterparts
Surface phenotype of CD4+ (A) and CD8+ (B) T cells from spleens of naive WT or PG mice was
measured by flow cytometry. Pre-gating: Live singlets, TCRB+. Tn=Naive T cells (CD44-CD62L+),
Tmem=Memory T cells (CD44+), Tcm=Central Memory T cells (CD44+, CD62L+), Tem=Effector
Memory T cells (CD44+ CD62L-). (C-D) T cells from naive WT or PG mice were stimulated with
PMA and lonomycin + BFA/Monensin for 4 hours and intracellular TNFa, IL-2, IFNy, IL-17A and
GMCSF were measured by flow cytometry. Expression of CD44+ cells, unless specified by “Naive”
(CD44-). Gating: Live singlets, CD90.2+, CD4 OR CD8 (respectively). Analysed by 2-way ANOVA

and Sidak post-test.
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Peripheral PG T cells can make slightly more cytokines directly ex vivo
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Figure 3-11: LCMV infection induces prolonged expansion of short lived, cytokine
producing effector cells in PG mice

WT or PG mice infected with LCMV-armstrong and then sacrificed at day 7 (effector phase), or day
35 (memory phase) post-infection. CD8+ (A) or CD4+ (B) T cells were enumerated from spleens
of infected mice. Gating: Live singlets, CD90.2+, CD4+ or CD8+ respectively. (C) Phenotype of
CD8+ T cells from WT or PG mice at Day 7 (top) or Day 28 (bottom). MPEC=memory precursor
effector cell. SLEC=short lived effector cell. Pre-gating: Live, singlets, CD90.2+, CD8+, CD44-. (D)
IFNy and TNFa from PMA and ionomycin stimulated CD8+ T cells isolated from WT or PG mice at
Day 7 or Day 35 post-infection. Pre-gating: Live, singlets, CD90.2+, CD8+, CD44-. All statistical
analyses were 2-way ANOVA with Sidak post-test.
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Figure 3-12: Naive PG CD4+ T cells cause more severe colitis and disseminated
inflammation when transferred into RAG1”- hosts
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Naive CD4+ T cells were sorted from spleens of donor mice (CD90.2+, CD4+, CD8-, CD44-,
CD62L+, CD25-) and 0.5E6 cells were transferred into co-housed 6 week old RAG1” hosts. The
following analyses were performed. (A) Weights of RAG1” hosts that had no transfer of T cells
(NT) or were transferred with WT or PG T cells. Data combined from 3 individual experiments (Total
N: NT=13, WT=15, PG=17). Lines indicate fitted segmented-linear regression lines +/- 95%
confidence interval. Day 15 was fixed as the inflection point. Difference between gradients of
second slope was determined by linear regression analysis. (B) Survival curve of WT vs PG
transferred mice. Data combined from 3-independent experiments. Statistical analysis = Log-rank
Mantel-Cox test. Overall 0/13 NT mice died, 1/15 WT-transferred mice, and 4/17 PG-transferred
mice. (C) Colon length of mice sacrificed at 8 weeks post-infection. (D) Colon weight divided by
length as a measure of colon thickening. (E) Spleen weight normalized to mouse bodyweight pre-
transfer of T cells. (F) CD4+ T cell counts in spleen, mesenteric lymph node (MLN) and liver. (G)
Example staining of intracellular IL-17A and IFNy from CD4+ T cells isolated from spleens of RAG1"
" mice transferred with WT or PG cells following restimulation with PMA and lonomycin. Pre-gating:
Live singlets, CD90.2+, CD4+, CD44+. (H) Combined IFNy and IL-17A intracellular staining from
3-independent experiments. (I) Example Tbet staining from WT and PG cells from spleen or MLN
from cells isolated 8weeks post-transfer. Pre-gating: Live singlets, CD90.2+, CD4+, CD44+. (J)
Combined Tbet intracellular staining from 3-independent experiments. (K) Example RORyt staining
from WT and PG cells from spleen or MLN from cells isolated 8weeks post-transfer. Pre-gating:
Live singlets, CD90.2+, CD4+, CD44+. (L) Combined RORyt intracellular staining from 3-
independent experiments. (M-N) Serum IFNy(M) and IL-6(N) was analyzed by ELISA from mice 8
weeks post-transfer. (C-E, F, H, J, L, M, N) display data combined from 3-independent experiments.
Experiment indicated by shape of data point (C). Horizontal bar indicates grand mean of combined
data. All analysed by 2-way ANOVA with “Experiment” analysed as a variable. Statistics: Tukey
post-test shown for all graphs with NT, WT, and PG data displayed. For graphs with WT vs PG
only, statistic indicates the effect of genotype in 2-way ANOVA analysis.
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Figure 3-13:  In vitro differentiated PG CD4+ T cells have slightly enhanced cytokine
production and outgrow WT cells likely via enhanced survival

(A-G) Naive (CD44- CD62L+ CD25-) CD4+ T cells were sorted from WT-CD45.1* and PG-CD45.2*
mice. Cells were co-cultured in a 1:1 ratio of WT and PG cells in 96 well flat-bottomed plates with
irradiated feeders, 10ug/ml anti-CD3, 5ug/ml anti-CD28, 30U/ml rh-IL2 and respective cytokines
for T-helper skewing conditions. (A) ThO: IL-2 alone; (B) Th1: rmIL12, anti-IL4; (C) Th2: rmIL-4,
anti-IFNy, anti-IL12; (D) Th17: rmIL6, rmTGFp1, anti-IL12, anti-1L4; (E-F) Treg: rmTGFp1, anti-IL4,
anti-IL12. Following 5 days of stimulation in respective conditions, cells were restimulated with PMA
and ionomycin and stained intracellularly for IFNy, IL-17A, IL-4, IL-5, and TNFa. Gating: Live
singlets, CD4+, CD45.2(WT) OR CD45.2*(PG). Lines between symbols indicated cells cultured
within same well. Analysed by 2-way repeated measures ANOVA with Sidak post-test. (F)
Intracellular FoxP3 stain of WT and PG cells co-cultured in Treg skewing conditions. WT-Th1
skewed cells used as negative control for FoxP3 staining. (G) Ratio of PG to WT cells within each
co-culture condition at day 5. Statistics indicate 1-sample t-test comparing actual ratio to expected
ratio of 1. (H) Naive (CD44- CD62L+ CD25-) CD4+ T cells were sorted from WT-CD45.1" and PG-
CD45.2*, stained with CFSE and co-cultured in ThO conditions in a 1:1 ratio with anti-CD3/CD28
dynabeads for 72 or 96hrs. Gating: Live singlets, CD4+, CD44+, CD45.1*(WT) OR CD45.1-(PG)
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Figure 3-14:
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(A) Normal setting where signaling delta exists between thymus and periphery. Example points to
how a potentially self-reactive T cell that does not delete has a lower peripheral activation potential
when thymic tuning is in place. (B) Setting where no signaling delta exists between thymus and
periphery, for example in RAG1P® mutant case. Here, peptides that are close to the deletion
threshold will still be able to provide a strong signal in the periphery
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Figure 3-15:  Model suggesting mechanisms as to how RAG1 contributes to upregulation
of protein expression in the cytoplasm

It is known that dsDNA breaks initiate a transcriptional response, and that RAG-mediated DSBs
initiate a RAG-specific transcriptional response (92). Additionally, we have shown that the RAG1
N-terminal domain, including the E3-ligase activity, is important in controlling protein expression
through both transcriptional, and post-transcriptional regulation. Unless RAG-driven DSBs enhance
transcription of a regulator of cytoplasmic protein expression (i.e. cytoplasmic E3 ligases,
proteosome, etc.), because of the nuclear localisation of RAG1, RAG1 E3 ligase activity is unlikely
to directly regulate cytoplasmic protein expression, and likely acts through an intermediate effector.

RAG1Ntem
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3.6: Tables

Table 3-1:
Gene

RAG1™

RAG1"®

RAG1 Core

RAG1™"

RAG1PA

Artemis™

Bcl2'

VBNT

Mouse Genetic
Combination

VBNT*RAG1"T
Artemis”Bcl2'

VBNT*RAG1P®
Artemis™Bcl2'
VBNT*RAG 1%
Artemis™ Bcl29

VBNT'RAG1™

VBNT'RAG1PA
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Description of genetic background of mice used in Chapter 3

Genotype Description Relevant Phenotypic Description

Q60X point mutation in
RAGH1 as described in detail

N-terminal stop mutation that does
not permit expression of full-length

in Chapter 2 RAG1

P326G point mutation in o . o

RAG1 (53) as described in RAG.1 ubiquitylation activity is
inactivated

detail in Chapter 3

Mice only expressing core
domain of RAG1 (47)

N-terminal region of RAG1 is absent.
Impacts on T and B cell development
(47, 48)

Complete absence of RAG1 leads to
absence of recombination and
therefore B and T cell development

RAG1 knockout (45)

5;(;'8;:}0‘);'{: chéifg ? Eq 78) RAGH1 catalytic activity is absent.
DNA breaks are made by RAG
complex but cannot be repaired.
Developing lymphocytes are trapped
at antigen receptor rearrangement
steps

Allows for survival of cells with DNA
double stranded breaks.

Allows T cells to progress past DN3
transition even in the absence of
recombination (i.e. RAG1™" or
Artemis™)

Relevant Phenotypic Description

Knockout of DNA repair
gene Artemis (179, 180)

Transgenic expression of
survival factor Bcl2

Transgenic expression of
fully rearranged V14 TCRp
allele (148)

Thymocytes trapped at DP stage with continuous expression of
RAG1"T but with inability to fix DSB breaks at TCRa. locus,
therefore preventing expression of a fully rearranged T cell receptor

As above, but with continuous expression of RAG17¢

As above, but with continuous expression of RAG1°°"®

Thymocytes trapped at DP stage without RAG1 expression
therefore no DSBs and inability to rearrange TCRa locus, therefore
preventing expression of a fully rearranged T cell receptor
Thymocytes trapped at DP stage with continuous expression of
RAG1PA, therefore no DSBs and inability to rearrange TCRa. locus,
therefore preventing expression of a fully rearranged T cell receptor



Table 3-2: Gross non-colitis disease phenotypes observed in mice transferred with
Naive CD4* T cells from WT or PG donors

Disease Phenotype WT-transferred mice @ PG-transferred mice
Premature death 1/15 4/17

Severe dermatitis 0/15 317
Chylous ascites 0/15 117

Severe ataxia 0/15 117

Severe small intestine enlargement 0/15 117

Total Adverse Events 1 10
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CHAPTER 4: DISCUSSION

41: Overview

The findings described in this thesis can be broadly split into two related areas of RAG
biology. In Chapter 2 | describe internal translation of RAG1 that leads to the expression
of N-terminally truncated RAG1 isoforms. | describe how a mouse with an N-terminal
nonsense mutation does not present with SCID as may be expected, but rather N-
terminally truncated RAG1 isoforms in the absence of full-length RAG1 can lead to
impaired VDJ recombination and lymphocyte development. In Chapter 3 | describe how
the N-terminal region of RAG1, and specifically E3-ligase activity of RAG1, can influence
cytoplasmic protein expression in developing T cells. Additionally, | show that positive and
negative selection are impaired in mice lacking RAG1 E3 ligase activity, and that
peripheral T cells from these mice are hyperactive and can cause more widespread

pathology when transferred into RAG1” hosts.

The purpose of this discussion is to expand upon a number of birds-eye-view ideas
that have arisen during these investigations. In section 4.2 | discuss what the normal
expression of N-truncated RAG1 isoforms may mean for developing T cells. In section 4.3
| propose a number of experiments to determine the mechanism by which RAG1 internal
translation occurs. In section 4.4 | advance the idea of internal translation of eukaryotic
proteins outside of RAG, and query whether enough attention is paid to this phenomenon.
In section 4.5 | propose two mechanisms by which RAG1 may operate to enhance
signaling in thymocytes, and thus positive and negative selection, and the future directions

in which | hope these studies will head. Finally, in section 4.6 | briefly describe the true
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trajectory of this story, and how the true pathway to my coming to study RAG1 became

one of the most important lessons of my Ph.D.

4.2: RAGH1 internal translation: implications for lymphocyte development

The most important finding in the description of the RAG1™* mice is that a 5’ nonsense
mutation does not lead to loss of functional RAG1 protein. This raises a number of
important conceptual points. First, that RAG1 has many naturally occurring, N-truncated
isoforms is of considerable interest. RAG1 has been studied for more than 30 years as a
single protein, yet it is intriguing to consider that naturally occurring smaller RAG1 isoforms
may have important roles in normal RAG function. Already we know that the N-terminus
of RAG1 has important functions in aiding recombination activity. For example, the RAG1
N-terminus contains an E3 ubiquitin ligase that modifies histones to enhance RAG
cleavage (49, 52), and regions that bind the VprBP kinase to help repair RAG DSBs (54)
(Figure 1-1). Translation from M1 would retain the RAG1 RING domain but may ablate
VprBP binding (Figure 4-1 B), while translation from M2 would likely ablate RING domain
activity. Translation from M4 and M5 would result in loss of portions of the RAG1°°"®
domain and will likely have no recombination activity (Figure 4-1 C). Whether these
internally translated proteins are present at biologically significant levels is of considerable
interest, since smaller RAG1 isoforms could form part of the RAG1,RAG2, (RAG)

heterotetrametric complex and be important for the regulation of normal function.

In order to test whether these RAG1 isoforms are expressed at high enough levels
to influence T cell development and RAG1 function, the Bassing/Behrens Lab
collaboration has planned to create a mouse lacking the ability to form internally translated

protein isoforms. Using the recently developed Easi-CRISPR system (181, 182), which
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allows replacement of up to ~2kb of DNA, mutation of the methionines at M1, M2, M4, and

M5, to isoleucines can be achieved with one CRISPR reaction. We expect that the

resulting mouse should only be able to express the full-length RAG1 isoform (Figure 4-1

A). | hypothesize the following possible outcomes upon examination of this mouse, which

| will term the RAG1™ mouse in the following discussion to denote the presence of only

full-length(FL) RAG1:
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No difference between RAG1"T and RAG1™ mice. Smaller isoforms are not

1" mice to influence the activity of RAG1.

expressed to a high enough level in RAG
RAG1 internal translation isoforms (especially the M4/M5 isoforms) negatively
inhibit RAG1-FL VDJ recombination such that RAG1™ mice have enhanced
recombination efficiency. As such, | would expect that developing T cells will
progress through TCRp and TCRa selection stages more rapidly. Additionally, |
may expect to see the appearance of more dual TCR expressing cells. While the
dogma for many years was that all T cells express a single receptor, this is not true
100% of the time. 1-3% of T cells express two in-frame TCRp alleles (62, 148,
183), and ~30% of T cells express two in-frame TCRa alleles (63, 184, 185). A
number of hypotheses have been posed as to how allelic exclusion is
regulated/enforced (143). One such mechanism is the asynchronous
recombination model, which states simply that the VDJ reaction is of such low
efficiency, it is unlikely that both alleles are rearranged together. This allows for a
TCR signal (either pre-TCR at TCRp rearrangement, or TCRa8 signaling/positive

selection at TCRa rearrangement) to downregulate RAG1/RAG2 expression and

prevent further rearrangement of the other allele (62). Much of this asynchrony is
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postulated to be due to difficult chromatin landscapes that limit RAG accessibility
(128, 129). Itis possible that having RAG complexes containing N-truncated RAG1
isoforms that we have shown have inefficient recombination activity is another
mechanism by which inefficient VDJ recombination is achieved, and thus allelic
exclusion is enforced. This is of further interest since the only known role of the
RAG1 E3 ligase activity is to ubiquitylate histones to enhance RAG accessibility,
and chromatin accessibility is the prime mediator of the asynchronous
recombination model. Therefore, | would hypothesize that the RAG1™ mouse
would have a higher frequency of allelic inclusion (dual TCRa and/or TCRp
expressing T cells), if N-truncated isoforms inhibit VDJ recombination.

The findings described within Chapter 3 of this thesis suggest that the N-terminal
domain, and specifically the E3 ligase activity of RAG1, is necessary for efficient

positive and negative selection. Therefore, | hypothesize that the RAG1™

mouse
will have enhanced positive and negative selection (as measured by the assays in
Figure 3-3). Likewise, the expression of signaling molecules such as ZAP70 and
SYK would be increased in the absence of N-truncated RAG1 isoforms. It is
possible that positive and negative selection are at maximum efficiency in RAG1"T
mice already, and the potentially more interesting effects on selection may be
observed within agonist-selected T cells. A specialized group of aff T cell subtypes
including natural Tregs (nTregs), invariant natural killer T cells (iNKT cells), and
CD8aa intraepithelial lymphocytes (CD8aa IELs), are created by a mechanism

known as “agonist selection” (82-84). These T cells have higher affinities towards

self-antigens, yet why these T cells are not directed for death via negative selection



is not well known. It is attractive to speculate that self-reactivity of these developing
T cells is not detected as TCR signaling in these cells is not tuned up as efficiently,
because of increased expression (relative to ‘normal’ aff T cells) of N-truncated
RAG1 isoforms. Therefore, | would hypothesize that RAG1™- mice would have
reduced development of Tregs, iNKT cells, and CD8aa IELs, as these cells would

more likely be directed towards death.

Mentioned in this last point is an allusion to differential expression of internally translated
isoforms. Whether there are different ratios of N-truncated RAG1 isoforms in different
thymocytes is as of now unclear, since all protein expression analysis has been on bulk
cells. Additionally, since RAG1 expression is rapidly downregulated following B-selection
and positive selection, it may be nearly impossible to calculate cell to cell differences,
especially since the effects of RAG1 are detected after RAG1 expression has ceased.
One possible method, aside from removing the ability to make N-terminally truncated
isoforms (as discussed in this section), is to understand how expression of these isoforms

is regulated, and target effectors driving this mechanism.

4.3: RAG1 internal translation: mechanism and future directions

While | have shown in Chapter 2 that internal methionines are necessary for the formation
of internally translated RAG1 isoforms, complete mechanism has not been described in
this thesis. In fact, while examples of such proteins are increasing, mechanisms driving
internal translation have not been well characterized for eukaryotic proteins. Such
mechanisms are more commonly adopted by viruses to encode multiple proteins within

limited genetic material (186). These mechanisms include utilization of internal ribosome
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entry sites (IRESs), leaky scanning (i.e. bypassing of translation initiation sites), or

ribosome shunting (186), described below.

Most eukaryotic proteins are translated via CAP-dependent mechanisms, whereby
the mRNA 5-m;G cap (present at the 5’ end of all eukaryotic mRNAs) is bound to the
‘cap-binding complex’, a protein complex that then recruits the 40S subunit of the
ribosome (187, 188). The 40S subunit then scans the mRNA from 5’ to 3’ until it finds an
AUG surrounded by a favorable Kozak sequence, which the remainder of the ribosome
forms around (i.e. the translation initiation site/TIS), and translation begins (187, 188).
Leaky scanning is simply the act of a ribosome bypassing translation initiation sites before
initiating translation off 3’ TISs. Such a mechanism has been described for the expression
of the eukaryotic protein Pim2 (113), and is CAP-dependent. Shunting is a mechanism
that involves the secondary structure of the mRNA forming a hairpin which can prevent
ribosome movement. The ribosome then is transferred past the hairpin to internal TISs,
and has been described for Hsp70 mRNA (114). Finally, IRES-directed translation, a CAP-
independent mechanism, which allows ribosome assembly within central regions of the
mRNA. This can allow for translation to begin downstream of the most 5 TIS.
Approximately 30 mammalian mRNAs have IRESs, and initiate translation at an internal

TISs (105-112).

Given the paucity of examples of shunting and leaky scanning for eukaryotic
proteins, the most attractive hypothesis is that RAG1 contains an IRES between the
annotated TIS, and M1. In fact, ~10% of eukaryotic mMRNAs are hypothesized to contain
IRESs, although many of these appear in 5 untranslated regions and would not

theoretically initiate internal translation initiation (189). There is very little sequence
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similarity between IRESs, as evidenced by the striking lack of IRES sequence similarity
even within the Myc family of IRESs (190). This makes computational-based IRES
prediction difficult, and experimental validation essential. In order to test whether RAG1
contains an IRES, | have proposed to introduce a hairpin into the RAG1 mRNA, 5’ of the
canonical TIS to halt ribosome scanning. The size of the inserted mRNA hairpin directly
correlates with the ability for scanning-based translation to occur (191, 192). If RAG1 N-
truncated isoforms are a result of ribosome scanning (or shunting), then the addition of an
RNA hairpin should prevent expression of both full-length, and N-truncated RAG1
isoforms. However, the presence of an IRES in RAG1 would be indicated by absence of

full-length RAG1, but unaffected expression of N-truncated isoforms.

IRESs are somewhat complicated RNA secondary structures (186). One of the

1% mouse), is that nonsense-

more surprising facets of the Q60X mutation (in the RAG
mediated degradation does not occur to a sufficient degree such that no RAG1 isoforms
are made. RNA binding proteins often bind secondary structures within mRNA, including
IRESSs, and often proteins that bind mRNA are able to enhance mRNA stability (193). One
such protein that is known to bind IRESs of a number of eukaryotic mRNAs and enhances
mRNA stability is the polypyrimidine tract-binding protein (PTB) (193, 194). It is attractive
to speculate that RAG1 does not undergo nonsense-mediated degradation to a significant
degree due to the presence of RNA binding proteins, such as PTB, which stabilize RAG1
mRNA even in the presence of an early nonsense mutation. Importantly, | have not shown

that RAG19°”* mRNA is expressed as efficiently as RAG1"" RNA which is an immediate

future direction.
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Finally, IRES-mediated translation from eukaryotic mMRNAs has been shown to be
activated during periods of cellular stress (104, 189, 195). RAG1, by virtue of its own DNA-
cutting activity, is present during a state of remarkable stress. It would be interesting to
see whether the expression of RAG1 N-truncated isoforms increases after the initiation of
the first RAG-mediated DNA break, and thus activation of the DSB response. A simple
first experiment would be to compare expression of N-truncated isoforms in RAG1°* vs
RAG1"T Artemis™ thymocytes, with the expectation that the DSBs in RAG1"T Artemis™

mice may activate internal translation from any putative RAG1-IRES.

4.4: Internal translation initiation: rethinking the interpretation of nonsense and
frameshift mutations

That alternative translation initiation may be a natural phenomenon occurring widely within
eukaryotic cells is still an underappreciated occurrence and may have many important
consequences. Ribosome profiling in eukaryotic cells suggests that internal translation
initiation generates N-truncated isoforms for ~15% of the ~20,000 human proteins (102,
103, 196), yet our understanding of mechanisms that control internal translation initiation
and how resulting N-truncated isoforms function normally and contribute to disease are at
infancy. This description of alternative translation of RAG1 contributes to the expanding
database of alternatively translated proteins, and the exact mechanism of translation of

RAGH1 alternative isoforms is a subject of future investigation as described above.

A global consequence of internal translation initiation outside of RAG1 is that
nonsense mutations, or frameshift mutations leading to early translation termination may
not always result in the absence of a protein. Indeed, it is attractive to speculate that

internal translation initiation sites may exist as a mechanism by which to protect from
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1% mice that

deleterious nonsense or frame-shift mutations, as is the case with the RAG
do not have the expected complete-SCID phenotype. In fact, it has been estimated that
the average human genome contains ~100 putative “loss-of-function” (LoF) variants, yet
the vast majority of these are not disease causing (197). 70% of the putative LoF variants
were either nonsense or frameshift mutations (indels) (197), however, it is possible that

internal translation from alternative TISs can compensate for, and lead to expression of

functional proteins despite putative LoF mutations.

The potential for internal translation initiation is important to consider during
analysis of clinical exome/genome sequencing as interpretations can vary drastically.
Frameshift or nonsense mutations in one allele of a gene are often deemed unlikely to be
disease causing if a wild type allele is still present. Alternatively, pathogenesis caused by
a monoallelic frameshift or nonsense mutation is assumed to be a result of
haploinsufficiency, and homozygous mutations presume LoF (198). However, as an
example, N-terminal truncations of certain proteins due to early frameshift/nonsense
mutations and internal translation, may delete N-terminal auto-regulatory domains,
resulting in constitutively active proteins rather than complete absence. Our lab has

identified an example of such a protein, described in Box 1 below.

Box 1: Internal translation of NLRP1 in a VEO-IBD patient

NLR (nucleotide-binding domain and leucine-rich-repeat containing) family members are
cytosolic proteins that are key parts of the innate immune response poised to recognize
microbial products that gain entry to the cytoplasm (199). NLRP1 is one family member

(of an estimated 20 in the human genome) that is conserved across most mammalian
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species (199). Human NLRP1 contains in the N-terminal region, an autoinhibitory domain
(PYD) that self-oligomerizes with the C-terminal CARD domain (200). Specific activators
of human NLRP1 are not well characterized, however, auto-catalytic cleavage at the FIIND
domain between the PYD and CARD domains releases the NLRP1 CARD domain to then
oligomerize with ASC and induce formation of the “inflammasome” (199, 201). The
activated inflammasome cleaves caspase 1 into its active form, which leads to proteolytic

cleavage of the inflammatory cytokines, pro-IL-1p and pro-IL-18, into active forms (201).

In a cohort of whole exome sequences (WESs) from very early onset inflammatory
bowel disease (VEO-IBD) patients, we identified one patient with a heterozygous
frameshift mutation in the N-terminal region of NLRP1 caused by a four-nucleotide
deletion (c.158_161delTGGC). This variant was classified as a “Variant of uncertain
significance” by XomeDX WES reporting. The patient presented with VEO-IBD, Crohn’s
Disease, and cellulitis. Given the position of the mutation (very N-terminal), the fact that
NLRP1 contains an N-terminal autoinhibitory domain, and that IBD/Crohn’s disease is
commonly associated with high IL-1p/IL-18 levels (202-204), we were interested in

determining whether this mutation could potentially be disease causing.

| hypothesized that NLRP1 may be translated from downstream internal TISs, and
that since the resulting N-truncated NLRP1 products would lack the autocatalytic domain,
spontaneous NLRP1 cleavage and inflammasome activation may occur. While this project
is still in its infancy, | have now shown (using similar in vitro methods to that of RAG1 in
Chapter 2) that despite the presence of the dTGGC frameshift mutation, N-truncated

NLRP1 isoforms are still expressed. Whether these isoforms are hyperactive is the subject
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of ongoing experimentation. This finding alone, however, accentuates the importance of

the awareness around alternative outcomes of nonsense and frameshift mutations.

Finally, internal translation initiation is also an important factor to consider when
designing conditional knockout mice using the cre-lox system, where typically exons are
flanked by loxP sites and excised following cre expression leading to frameshifted proteins
(205). While the assumption is that this frameshifted mRNA will be degraded by nonsense-
mediated-decay, it is possible that translation initiation downstream of the excised region
may result in protein expression. This is in fact an issue that has recently been described
in a cre-lox mouse model used by the Wherry Lab at the University of Pennsylvania

(Unpublished, Personal Communication, Omar Khan-Wherry Lab).

4.5: RAGH1 as a biological clock to tune TCR signaling: mechanism and future
directions

In Chapter 3 | discussed extensively the proposition that RAG1, specifically through its N-
terminal domain and E3-ligase activity, acts as a biological clock to alter the proteome of
developing thymocytes in order to enhance TCR signaling, and positive and negative
selection. In this section | wish to introduce some more speculative hypotheses as to
mechanisms that may drive such selection, and future experiments that are proposed to

dissect these mechanisms.

Briefly to summarize: RAG-mediated DSBs have been shown to induce a
transcriptional program that includes the expression of many lymphocyte-specific genes
(92-94). In addition, the Behrens and Bassing labs have shown that the N-terminal domain

of RAG1 is important for the post-transcriptional regulation of a number of proteins
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including Pim2, SYK, and ZAP70. | have hypothesized that increased expression of
signaling proteins during T cell development influences thymocyte-specific TCR tuning, to
enhance thymocyte signaling, and improve positive and negative selection (| reiterate here
that | have not yet linked decreased ZAP70 or SYK expression in thymocytes with reduced
TCR signaling — attempts to elucidate differences in signaling between RAG1"™ and
RAG1P® mice are ongoing). Once thymocytes have completed development in the
thymus, TCR sensitivity is reduced as the effects of RAG on proteins such as ZAP70 are
not permanent, and T cells that were positively selected upon self-antigen in the thymus

can no longer respond to that same self-antigen in the periphery.

Within this model exist a number of gaps. Notably is the absence of clear
mechanism behind the post-transcriptional control of such proteins. One conceptual
difficulty is the fact that RAG1 is strictly localized to the nucleus (206, 207), while proteins
such as ZAP70 and SYK are cytoplasmic and associate with receptors at the plasma
membrane. Therefore, it is unlikely that there is direct contact between the RAG1 N-
terminal domain with these proteins, and thus the attractive hypothesis that RAG1 directly
ubiquitylates such proteins is unfeasible. In light of this | propose two, non-mutually

exclusive, hypotheses:

1. Transcriptional activation of a set of genes is achieved via the known activity of the
RAG1 E3 ligase activity; i.e. ubiquitylation of histones. (Figure 4-2 A) This
ubiquitylation enhances RAG access to recombination sites (52), yet it is known
that RAG binds many parts of the genome (208) and could theoretically enhance
chromatin access at a number of genes via similar a mechanism. Interestingly, the

N-terminal region of RAG1 is required for localization of RAG1 to H3K27Ac histone
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marks at enhancers (208) (Figure 4-2 A). Such genes may encode proteins that
have known abilities to control protein expression levels to enhance protein
translation (e.g. translational elongation factors, RNA binding proteins that stabilize
transcripts, micro-RNAs that stabilize transcripts), or that slow rate of protein
turnover/enhance protein stability (e.g. E3 ligases, deubiquitylating enzymes
(DUBSs), repression of proteasome). Experiments to test whether translation vs.
protein stability is the major contributor to enhanced protein expression in the
presence of RAG1 N-terminal domains is actively underway in the Bassing Lab,
with early evidence (for Pim2) suggesting protein stability is enhanced by the
RAG1 N-terminal domain.

2. The RAG1 E3 ligase activity is necessary for the ubiquitylation of an intermediate
effector that regulates expression of cytoplasmic proteins. Such intermediate
targets may include other E3 ligases that have activities within the nucleus and
cytoplasm, such as Smurf1 (209); or transcription factors that drive expression of

other protein control mechanisms as described in point 1 (Figure 4-2 B).

Potential mechanisms that are less attractive include RAG1 mediated alternative splicing
mediated by known interactions between splice factors and the RAG1 N-terminal domain
(57) (Figure 4-2 C). Or, RAG1 mediated stabilization of mMRNA, or enhanced translation

via the RAG1 RNA binding domain (29) (Figure 4-2 D).

In order to investigate these possibilities, the Bassing and Behrens labs have
planned a number of unbiased experiments to measure differences between
transcriptomes (RNA-Sequencing), whole cell proteomes (whole cell proteome mass-

spectrometry), and ubiquitylated proteomes (KeGG mass spectrometry. Briefly: trypsin
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digestion of ubiquitin leaves behind diglycine residues, i.e. KeGGs. Immunoprecipitation
with an anti-KeGG antibody followed by mass spectrometry identifies ubiquitylated
proteins (210-212)). These experiments will be performed using DP thymocytes
expressing RAG1"T RAG1°°", RAG17¢, or RAG1P* from the mice described in Table
3-1 and Figure 3-7. These experiments serve two purposes: First, it is unlikely that
ZAP70, SYK, and CD80, are the only proteins regulated by the presence of RAG1 N-
terminal domains, and these methods will identify other examples; and second, we hope
to identify network hubs via protein interactome analyses and transcriptional pathway
analysis that can better point to mechanisms behind the extra-recombination activities

of RAG1.

4.6: The true story of this thesis

The road to RAG1 was as far from planned as | can imagine. The goal of this section,
however, is not to deliver a self-pitying soliloquy, but is to briefly describe some of the
most important scientific lessons | have learned through what has been somewhat of an

unorthodox road to a Ph.D. thesis.

| joined the Behrens Lab to study the role of the cytokine IFNy in the pathogenesis
of the hyper-inflammatory disorder, familial hemophagocytic lymphohistiocytosis (HLH).
HLH is a disease driven by the hyperactivation of CD8+ T cells that lack the ability to Kill
infected target cells, and make uncontrolled levels of IFNy resulting in off-target pathology
(213, 214). Mutations in genes that are required for efficient CD8+ T cell mediated
cytotoxicity, including perforin, are common causes of disease in humans (213). As such,
the Behrens lab has utilized perforin deficient mice to study mechanisms of FHL

pathogenesis (215-217). IFNy was believed to be the key cytokine involved in driving HLH,
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and clinical trials led to the approval of an IFNy-blocking monoclonal antibody for HLH
treatment. However, there were also reports of patients presenting with HLH but who were
unable to respond to IFNy-signaling due to mutations in the IFNy-receptor (218).
Therefore, my proposed thesis project was to investigate the necessity of IFNy-signaling
in driving HLH-pathogenesis by utilizing Perforin/IFNy (Prf1”IFNy”") double knockout mice

(which we published in 2019 (219)).

However, 6-months into the project, | showed that the Prf1”"IFNy” mice had thymi
with only a third of the cellularity of normal WT mice, and a defect in DN3 to DN4
progression. Lesson 1: characterize T cell development, B cell development, and baseline
populations of immune cells in naive mice of a novel genotype. It took a long time, and
many seemingly worthless experiments to decide that it was unlikely that perforin, IFNy,
or an interaction between the both of them, was causing this defect in T cell development.
Finally, because we wanted to utilize the Prf1”IFNy” mice for the purposes of the project
above, but we did not know what other gene had been impacted, and therefore could not

genotype these mice effectively, we performed whole exome sequencing (WES).

WES revealed a homozygous early nonsense mutation in RAG1 (Q60X). These
RAG1™ mice were then backcrossed to WT C57BL/6 mice to obtain
Prf1** IFNy"*RAG1YN* mice. Similarly, the Prf1”IFNy” mice were re-bred, and over the
course of 18-24 months, one project had become two. Lesson 2: Mice are not clones. Be
conscious that spontaneous mutations occur, and many are likely present in all strains of
mice. Since Prf1 and IFNy are on the same chromosome, in order to obtain Prf1”IFNy™
mice a rare chromosomal cross-over event is required. Therefore, the entire line of Prf1”-

IFNy™ mice had been derived from a small pool of founders which allowed for homozygous
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acquisition and a phenotypic effect due to the Q60X mutation (heterozygous mice have
normal T cell development). Noticeable within the WES of this mouse in addition to the
RAG1 mutation were the other 1385 de novo mutations (compared to the mouse reference

genome mm10), 95 of which were homozygous.

Lesson 3: Notice results that do not make sense. Know when an unexpected result
may be interesting. It was unexpected that Prf1” IFNy” would have a T cell developmental
block. Yet, the most unexpected part of the discovery of the RAG1 mutation, was that T
and B cells existed in this mouse at all. It would have been very easy to use this result to
develop a genotyping strategy to screen out the mutation from our Prf1”IFNy” mice, but
instead we were able to develop this project into what we hope will be a significant

contribution to the RAG and T cell development fields.

Too often in publication it seems that ‘spin’ hides the true pathways to discovery of novel
ideas. In fact, in an early telling of this exact story, in this chronological manner, | was told
“this is interesting, but you cannot tell the story this way”. The need to have a perfectly
hypothesis-driven discovery can mask some of the most interesting parts of many
discovery stories, and | think it important that science does not hide the ability to discover

by chance, a la Alexander Fleming, for fear that this diminishes the achievement.
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4.7: Figures

RAG1F/RAGT™ RAG17/RAGT™! RAG17/RAG1™ RAG1F/RAG1er RAG1°*/RAG 1
Figure 4-1: Cartoons depicting alternative RAG1 isoforms in hetero-tetrameric RAG
complex

Potential for different stoichiometries of RAG1 isoforms to form part of the RAG1:RAG2:
heterotetrameric complex. Not representative of all possible combinations, but some potential
examples. (A) RAG1 full-length (FL) only. (B) RAG1-FL with RAG1 translated from M1. (C) RAG1-
FL with RAG1 translated from M4. (D) RAG1-FL co-expressed with RAG1-core. (E) RAG1-core
only.
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Figure 4-2: Speculative mechanisms of RAG1 N-terminal domain mediated control of the
proteome

(A) RAG1 endogenous E3 ligase activity, or in association with VprBP, could lead to ubiquitylation
of histones, such as H3, to enhance or repress transcriptional programs to modulate the proteome.
(B) RAG1 endogenous E3 ligase activity, or in association with VprBP, could lead to ubiquitylation
of transcription factors to enhance or repress transcriptional programs to modulate the proteome.
(C) The RAG1 N-terminal domain binds an RNA-splicing factor (57). It is possible that alternative
splicing is modulated by RAG1 N-terminal domain interactions with splice factors. (D) The most
unlikely possibility is that RAG1 acts to stabilize mRNA or enhance translation in the cytoplasm via
its RNA-binding ability.

l RAG-mediated mRNA stabilization??
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APPENDIX

Materials and Methods

Mice

All mice within this study were housed, bred, and used under pathogen-free conditions at
the Children’s Hospital of Philadelphia (CHOP). Both female and male mice were used for
all experiments. Experimental mice were euthanized by CO, exposure followed by cervical
dislocation. Animal husbandry and experiments were performed in accordance with
national guidelines and approved by the CHOP Institutional Animal Care and Use
Committee. RAG1"T" (Purchased from Jackson Laboratories), RAG1"* (generated in our
facility), RAG1"® (a gift from Dr. Jessica Jones (Georgetown University) via Dr. David
Schatz (Yale)), RAG1™" (Purchased from Jackson Laboratories), and OT1 (Purchased
from Jackson Laboratories) mice are all on a C57BL/6 background. RAG1°* (178),
Artemis”Bcl2'9 (179), and VBNT (148) mice were all on a mixed 129S1/SvimJ and
C57BL/6 background, and crossed to RAG1"T, RAG1°°"®, or RAG1"® mice in the Bassing

Lab.

Whole Exome analysis and Sanger sequencing

Genomic DNA was isolated from RAG1"X

spleen using the DNeasy Blood and Tissue Kit
(Qiagen) per manufacturer’s instructions. Exon capture for whole exome sequencing was
performed using the Agilent SureSelect XT Mouse All Exon kit. Sequencing was

performed on the lllumina HiSeq 4000 to produce 150-bp paired-end reads with an

average depth of 100X. Sequence reads were aligned to the reference mouse genome

(GRCmM38/mm10) using Novoalign (V3.03.01; http://www.novocraft.com). Picard was
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used for marking duplicates then variants were called using GATK’s HaplotypeCaller.
Single nucleotide variants and insertions/deletions were functionally annotated with

SnpEff (http://snpeff.sourceforge.net) and filtered to retain only moderate and high effect

variants. After applying quality filters and excluding variants that have been reported in
the Single Nucleotide Polymorphism Database, 299 variants remained. Genes were then
annotated using gene ontologies to identify variants in genes involved in B and T cell
development. A homozygous stop gain mutation was identified in Rag1 (NM_009019.2;

p.GIn60*) that met all filtering and quality control criteria.
Flow cytometric analysis

Single cell suspensions of all organs were ACK lysed to remove erythrocytes before they
were stained with LIVE/DEAD fixable viability dye (Life Technologies) and antibodies
against respective surface antigens (BD Pharmingen, eBioscience, and Biolegend). For
intracellular HA, FLAG, GFP, and FoxP3 staining, cells were stained using the
eBioscience FoxP3 kit according to manufacturer’s instructions. CFSE labeling of cells
was performed as per manufacturer’s instructions (Invitrogen). All samples were acquired
on a MACSQuant flow cytometer (Miltenyi Biotec) or LSRII Fortessa (BD) and analyzed

using Flowjo software version 10.5.3 (Tree Star).
Intracellular staining

Staining of intracellular cytokines: — Cells (10°) were cultured in the absence or presence
of 50ng/ml PMA (Sigma), 1ug/ml lonomycin (Cell Signaling Technology), with 2ug/ml

brefeldin A (Sigma) and 2uM monensin (eBioscience) for 4 hours at 37°C. After staining
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for LIVE/DEAD and for surface antigens as described earlier, cells were stained for the

respective cytokines using the Cytofix/Cytoperm kit (BD Bioscience).

Staining of transcription factors: Cells were stained for respective transcription

factors using FoxP3/Transcription Factor Staining kit (eBioscience/Thermofisher)

qPCR of VDJ rearrangements in DN3 and DP thymocytes

DN3 cells for TCRp rearrangements: Thymocytes were isolated, stained with PE-labelled
CD4, CD8, CD11b, CD11c, NK1.1, Gr1, and Ter119. Non-labelled cells were enriched by
MACS depletion using anti-PE microbeads and LS columns (Miltenyi). Enriched cells were
then stained with CD4, CD8, CD44, and CD25. DN3 cells were sorted using a FACSAria
Fusion. Genomic DNA was extracted from the sorted DN3 cells using the DNeasy Blood
and Tissue kit (QIAGEN). A quantitative PCR assay to measure VB-DB1-JB1 and V3-Dp2-
JB2 rearrangement frequencies was designed with a panel of primers specific for each
functional VB paired with a probe (FAM, HEX) specific for either JB1.1 or JB2.1,
respectively. Rearrangements were measured by TagMan gPCR with PCR conditions
according to the manufacturer’s instructions (PrimeTime IDTDNA). PCR analysis of
TRDV1-JD1 and CD19 were used for normalization. Primers and probes described

previously (220).

DP cells for TCRa rearrangements: Thymocytes were stained for CD4 and CD8 and live
DP cells were sorted. Genomic DNA was isolated as above. Rearrangements were
determined via gPCR using conditions and primers previously described, using 2m as a

housekeeping gene (221, 222).
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Antinuclear antibodies

Hep2 ANA slides (MBL International) were incubated with mouse serum diluted 100fold in
PBS for 15minutes in the dark. Slides were washed with PBS and stained with DAPI
(Thermofisher), and anti-mouse Ig-AF488 (Jackson Immunoresearch Laboratories).
Images were acquired on a at 20x Plan Apo 1.4 NA objective on a spinning disk confocal
system (UltraView ERS 6; PerkinElmer, Waltham, MA) equipped with an ORCA-ER
camera (Hamamatsu Photonics, Bridgewater, NJ) and velocity software (v6.1.1;
PerkinElmer). Instrument settings were fixed for all images, and researchers were blinded
to the sample identification. Nuclear AF488 intensity was quantified using FIJI software,
using DAPI to designate nuclear region of interest. A minimum of 30 nuclei were analyzed

per well and the average AF488 intensity was reported.

Cloning and RAG1 mutagenesis

FLAG-RAG1-HA was amplified by PCR using RAG1-HA template from the Bassing lab,
and cloned into the Notl and Xhol sites of pZHK:CMV-IRES-GFP (223) to create the base
pZHK:CMV-FLAG-RAG1(WT)-HA-IRES-GFP construct. For mutagenesis of methionines
and Q60X, RAG1 was subcloned into puc18 and mutagenesis was performed using
Quickchange Lightning Kit (Agilent). Correctly mutated fragments were swapped back in

to the pZHK vector for expression.

Transfection of 293T cells

293T cells were grown in 6 well plates to 70-80% confluency. 2ug of the respective RAG1

constructs were transfected in using TransIT-Lenti reagent (MIRUS) according to
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manufacturer’s instructions. Cells were harvested 16-20hours post transfection for flow

cytometry or western blot.

SDS-PAGE and Western Blotting

Native RAG1 western blot was performed as previously described (224) using RAG1
antibody from David Schatz (Yale). For RAG1 expressed in 293T cells, transfected cells
were lysed using M-PER lysis buffer (ThermoFisher) with protease inhibitor cocktail
(ThermoFisher). 15ug of protein was boiled in loading buffer with 5% B-ME and run on a
4-12% SDS-PAGE gel before transfer to nitrocellulose membrane (Bio-Rad). Membranes
were probed with anti-HA (Clone 3F10 — Sigma) and anti-FLAG (Clone M2 — Sigma), then

AF700 and AF780 conjugated secondary antibodies, before imaging on a Licor Odyssey.

Co-immunoprecipitation of RAG1/RAG2

293T cells were co-transfected with RAG1 and RAG2 vectors as described in the text. To
immunoprecipitate, the GFP-trap agarose kit from Chromotek was used and procedure
was as the manufacturer described. Precipitated protein was run on an SDS-PAGE gel

and Western blotting was performed as above.

RT-qPCR for mRNA expression

Respective cell populations (described in text) were sorted into RLT buffer containing 2-
mercaptoethanol using a FACSaria Fusion cell sorter. RNA was isolated using Qiagen
RNeasy Mini kit according to manufacturer’s instructions. Isolated RNA was converted to
cDNA with Superscript lll First Strand Synthesis kit utilizing random hexamers according

to manufacturer’s instructions (Invitrogen). cDNA was subjected to qPCR using Power
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SYBR Green kit (Applied Biosystems) and HPRT, ZAP70, and SYK primers (Qiagen).
Relative expression was calculated using the ddCt method, using HPRT as a
housekeeping gene, and relevant calibrator sample (explained in figure legends for

respective samples).
ZAP70 overexpression

GP+ E-86 ecotropic packaging cell lines that stably produce MLV-based ZAP70-IRES-
GFP (ZAP70°F), or GFP-only control retrovirus were a kind gift from Dr. Naomi Taylor
(National Cancer Institute, NIH) (225). Cells were cultured in DMEM + 10% FBS and virus
was harvested from cells grown to near confluence. Virus was concentrated using Retro-

X concentrator (Takara) following manufacturers guidelines and frozen at -80°C until use.

Bone marrow cells were stained with PE-conjugated lineage antibodies (CD5, B220,
NK1.1, CD11b, Gr1, Ly6G, Ter119) and then incubated with magnetic anti-PE beads
(Miltenyi). Cells were then run through LS columns (Miltenyi) to enrich for Lineage™ cells.
Cells were then stained with Sca-1 and cKIT, and Lineage Sca1*cKIT™* (LSK) cells were

sorted using a FACSaria Fusion.

LSK cells were grown in RPMI + 10% FBS + 1% PSG with 50ng/ml rIL-6, 20ng/ml rlL-3,
50ng/ml rSCF (Biolegend) for 4 days. On day 2 and day 3 cells were spin-transduced with
ZAP70°F or control retrovirus with 8ug/ml polybrene (800g x 2hours x 32°C). On day 4
cells were transferred into lethally irradiated host mice (950Rads — Xrad irradiator). 0.5E6

RAG1™" cells were also transferred to each mouse to ensure survival.
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OT1 : TAP1” Chimeras

Bone marrow from RAG1"YTOT1"CD45.1-2 and RAG1°°0T1*CD45.2 mice was isolated
and combined in a 1:1 ratio. Cells were then transferred to lethally irradiated (950Rad —
Xrad irradiator) host mice and mice were allowed to reconstitute for 4-8 weeks prior to

experiment.
LCMV infections

Mice were infected intraperitoneally with 2x10° plaque-forming units of LCMV-Armstrong
and euthanized at indicated timepoints. Virus and gp33-tetramer were kindly provided by

the Wherry Lab (University of Pennsylvania).
Transfer model of colitis

This model was performed as previously described (154). Briefly, naive CD4+ T cells were
sorted from respective donor mice (CD90.2+, CD4+, CD62L+, CD44+, CD25-) on a
FACSaria Fusion cell sorter. 0.5E6 cells were transferred in 100ul into each of the donor
mice via intraperitoneal injection. Mice were weighed weekly for the first 4 weeks, and
then twice weekly for the next 4 weeks. Mice were euthanized 8 weeks post-transfer,
unless severe morbidity enforced premature euthanasia (as dictated by CHOP animal

facility veterinarians), or natural death occurred.
ELISAs

Blood was isolated by terminal cardiac puncture and allowed to clot at 4°C. Cells were
centrifuged at 150009 for 15 minutes and serum isolated and frozen at -20°C. IL-6 and

IFNy ELISAs were performed according to manufacturer’s instructions (BD Biosciences).
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In vitro T cell differentiation

Splenocytes from RAG1” hosts were irradiated with 2500Rads (X-rad irradiator) and 3E5

cells were seeded into each well of a 96 well plate. Naive T cells (CD90.2+, CD4+,

CD62L+, CD44+, CD25-) were sorted from respective mice on a FACSaria Fusion cell

sorter, and 3E4 sorted CD4s were added to each well containing irradiated feeder cells.

All cells were cultured with 10ug/ml anti-CD3 (Biolegend) and 3ug/ml anti-CD28

(Biolegend) in RPMI + 10% FBS + 1% PSG + 1x NEAA (Invitrogen), 1x Sodium Pyruvate

(Invitrogen), and 0.001% 2-mercaptoethanol. The following cytokines/blocking antibodies

and concentrations were used to skew towards respective Th-subsets:

Culturing Condition
Tho

Th1

Th2

Th17

Treg

119

Reagent

rhiL2

rmiL12
anti-miL4
rhiL2

rmiL4
anti-mIFNy
anti-mIL12
rhiL2

rmiL6
rmTGFb1
anti-mlL4
anti-mIL12
rhiL2

rmTGFb1
anti-mlL4
anti-mIL12
rhiL2

Supplier
Peprotech

Peprotech
Biolegend
Peprotech

Biolegend
Biolegend
Biolegend
Peprotech

Peprotech
Biolegend
Biolegend
Biolegend
Peprotech

Biolegend
Biolegend
Biolegend
Peprotech

Concentration
30U/ml

10ng/ml

10pg/ml
30U/ml

10ng/mi
10pg/ml
10pg/ml
30U/ml

20ng/ml
1ng/ml
10pg/ml
10pg/ml
30U/ml

1ng/ml
10pg/ml
10pg/ml
30U/ml



Statistical analysis

All data was analyzed in Graphpad Prism 8 using statistical tests indicated in the figure
legends. Error bars indicate mean +/- SEM unless otherwise stated. n.s.=p>0.05, *p<0.05,

**p<0.01, ***p<0.0001, ****p<0.0001.
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