European Journal of Immunology

| RESEARCH ARTICLE CETTED

Adaptive Immunity

WILEY-VCH

Probing TCR Specificity Using Artificial In Vivo
Diversification of CDR3 Regions

Orlando B. Giorgetti' | Annette Haas-Assenbaum'® |

Thomas Boehm"?3

!Department of Developmental Immunology, Max Planck Institute of Immunobiology and Epigenetics, Freiburg, Germany | ?Institute for Immunodeficiency,

Center for Chronic Immunodeficiency, University Medical Center, Freiburg, Germany | 3Research Group Evolutionary Immunology, Max Planck Institute for

Biology Tiibingen, Tiibingen, Germany

Correspondence: Thomas Boehm (boehm@ie-freiburg.mpg.de)

Received: 2 August 2024 | Revised: 13 November 2024 | Accepted: 18 November 2024

Funding: The financial support was provided by the Max Planck Society and the Deutsche Forschungsgemeinschaft (Project 256073931-SFB1160).

Keywords: Repertoire | T cells | TCR

ABSTRACT

The T-cell receptor sequences expressed on cells recognizing a specific peptide in the context of a given MHC molecule can

be explored for common features that might explain their antigen specificity. However, despite the development of numerous

experimental and bioinformatic strategies, the specificity problem remains unresolved. To address the need for additional

experimental paradigms, we report here on an in vivo experimental strategy designed to artificially diversify a transgenic TCR

by CRISPR/Cas9-mediated mutagenesis of Tcra and Tcrb chain genes. In this system, an initially monoclonal repertoire of known

specificity is converted into an oligoclonal pool of TCRs of altered antigen reactivity. Tracking the fate of individual clonotypes

during the intrathymic differentiation process illuminates the strong selective pressures that shape the repertoire of naive T cells.

Sequence analyses of the artificially diversified repertoires identify key amino acid residues in the CDR3 regions required for

antigen recognition, indicating that artificial diversification of well-characterized TCR transgene sequences helps to reduce the

complexities of learning the rules of antigen recognition.

1 | Introduction

Antigen receptors expressed on T cells (TCRs) recognize anti-
gens in the context of MHC molecules. Recent high-throughput
sequencing efforts have generated large databases of sequences
of Tcra and Tecrb chains, which encode the characteristic het-
erodimer of the major lineage of T cells. Often, sequence informa-
tion for these two chains is obtained individually, although recent
studies also provide paired sequence information. Collectively,
these studies have revealed an astounding diversity of TCR
sequences, particularly with respect to the complementarity
determining regions 3 (CDR3) that are formed at the single
junction of Va and Ja elements in the TCRa chain, and at the
two junctions connecting the Vb and Db, and Db and Jb elements,

respectively, in the TCRf chain. In both instances, combinatorial
diversity contributes comparatively little to the overall diversity
of assembled chains.

Large libraries of different peptides have been used to identify
and isolate antigen-specific T-cell clones that increase in num-
bers during infection, or in response to tumors [1-7]. In this
experimental set-up, the TCR sequences of cells recognizing a
specific peptide in the context of a given MHC molecule are
determined and can then be scrutinized for common features
that might explain their antigen specificity. Such studies have
shown that a given pMHC complex can be recognized by different
affTCR receptors and that a given oSTCR receptor can interact
with many different peptides in the pMHC complex. To deal
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with these intriguing, yet daunting biological features, machine
learning algorithms of various kinds are increasingly brought to
bear on this problem to generate rules by which one would be able
to predict the specificity of any TCR [8-13]. The same strategies
are being used to interrogate other features of oSTCR sequences,
such as those associated with CD4 and CD8 lineage choice or
self-reactivity [14].

Apart from a general immunological perspective, there is consid-
erable interest in understanding the rules governing pMHC-TCR
interactions for therapeutic applications, for several clinically
relevant immunotherapeutic settings would benefit from such
knowledge. For instance, one could imagine that ab initio design
of TCRs specific for a mutated self-peptide might be used
to rapidly engineer patient-specific T cells for tumor therapy.
Current databases that can be used to learn the rules of TCR
specificity have considerable bias; most pertinent datasets con-
cern TCR repertoires for HLA-A*02:01 restricted peptides, and
little information is afforded on MHCII peptidome-related TCRs.
Even fewer such studies have been conducted in the mouse, often
experimentally validating only a few TCRs (for a recent exception
relevant to the afTCR repertoire in the present context, see [15]).
Thus, the determination of the antigen specificity of TCRs based
on their sequence alone remains challenging, particularly when
one considers that the CDR3s of both TCRa and TCRf chains
contribute to MHC and peptide binding.

To address the need for additional experimental paradigms
conducive to TCR specificity determination, we report here
on a novel in vivo experimental strategy. Instead of analyzing
a set of polyclonal TCRs selected for a given antigen speci-
ficity, we begin with a monoclonal situation, most conveniently
achieved with a TCR transgene on a Rag-deficient background.
This strategy eliminates the confounding effects of endogenous
Tcra and Terb genes and allows one to greatly simplify the
computational task. Initiating mutagenesis in CD4/CD8-double-
negative immature thymocytes using the CRISPR/Cas9 system
in vivo allows us to determine (1) the initial (that is, prese-
lection) sequence diversity of the repertoire, (2) the clonotypic
changes during intrathymic positive and negative selection, and
(3) the composition of the resulting peripheral repertoire of
mature T cells. In other words, our strategy is designed to
artificially convert an initially monoclonal repertoire of known
specificity into an oligoclonal pool of TCRs, presumably of
expanded antigen reactivity (Figure 1A), which then undergoes
the physiological steps of positive and negative selection in the
thymus.

The great advantage of artificially diversifying the TCR sequence
lies in the ability to target different regions in the CDR3 region.
Whereas in the natural context, sequence diversification occurs
at the junction of V, D, and J elements, the CRISPR/Cas9
system allows one to also change germline-encoded nucleotides
and thereby expand the physiological sequence space. To exem-
plify these two principal strategies, we chose to target the
N-terminal coding region of the J element in the TCRa chain,
and the junction between V and D elements in the TCRp
chain, respectively (Figure 1B). The former case is equivalent
to expanding the sequence diversity of the germline-encoded
segments of Ja elements. Typically, a Ja element of mouse
encodes between 10 and 13 amino acids of variable sequence
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FIGURE 1 | Characterization of the experimental model. (A)
Schematic depiction of the overall strategy for diversification of Tcra
or Terb chains of the Sm TCR. After editing, tetramer staining can be
used to categorize the expanded repertoire. (B) Nucleotide sequences
of the CDR3 regions of Tcra and Tcrb chains, with sgRNA sequences,
indicated in the artwork; the PAM sites are indicated in boldface letters.
The protein sequences (in single-letter code) are shown above the
nucleotide sequences. The characteristic cysteine (C) residue at the
C-terminal end of the V region, and the phenylalanine (F) residue of the
characteristic FGXG tetrad in the J region are boxed. N-regions composed
of nontemplated nucleotides occur between the Va and Ja elements, and
between Vb and Db and Db and Jb elements, respectively.

between the recombination signal sequence at the 5” end and
the codon for phenylalanine, whereas the C-terminal amino acid
residues of Jo elements are fairly well-conserved. Thus, the amino
acids N-terminal to the phenylalanine (F) residue contribute
most to the antigen specificity conferred by Ja elements and
were chosen here as the target of non-canonical diversification.
For diversification of the CDR3 region of the Tcrb, we have
chosen to target the 5” N-region, that is, the one between Vb
and Db elements, mirroring one of the physiological hotspots of
sequence variation in natural VDJ recombinations at the Tcrb
locus.

For our proof-of-principle experiments, we have chosen the
SMARTA TCR (Sm), which recognizes an LCMV-derived peptide
(gp66), DIYKGVYQFKSYV, in the context of MHC class II (H2-I-
AP) [16]. It was selected for two reasons. First, very few studies
in the mouse have targeted pMHCII-associated TCR repertoires;
second, the TCR repertoires of H2-I-AP-restricted T cells that
clonally expand during LCMV infection have been described
[15], enabling a comparison of the in vivo artificially diversified
peptide-reactive repertoire to a physiologically selected repertoire
of TCRs.
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Our results show that CRISPR/Cas9-mediated diversification
yields biologically meaningful variants and that these variations
likely result in altered antigen specificities.

2 | Results

2.1 | Characterization of the Target TCR

Expression of the SMARTA TCR transgene (Sm) skews the
physiological CD4/CD8 ratio during thymocyte development
toward the CD4 lineage [16]. Whereas in nontransgenic mice
CD4 cells outnumber CD8 cells by a factor of two, the presence
of the Sm transgene favors CD4 cell development to arrive at
a ratio of approximately 7:1, indicating that the Sm TCR is
positively selected by an (unknown) endogenous intrathymic
ligand. In the Rag2-deficient background, wherein the Sm
transgene rescues failing thymocyte development, the CD4/CD8
ratio increases even more (Figure S1). In the peripheral T-
cell compartment of Sm*Rag2~/~ mice, the distortion of the
CD4/CDS8 ratio is exacerbated; CD4 single-positive cells represent
close to 80% of splenocytes, whereas only a small fraction is
CD8 single-positive cells (Figure S1). No Foxp3-positive cells are
detectable in Sm*Rag2~/~ mice [17] (Figure S2). The expression
of the Sm transgene begins at the DN stage, and continues
throughout thymic T-cell development (Figure S3); within the
DN compartment, expression is robustly detectable at the DN3
and DN4 stages (Figure S4). The surface expression of the Sm
TCR can be followed by antibodies specific for its Va2 and
V38.3 variable regions or, alternatively, by a Sm-specific tetramer
(Figure S5).

2.2 | The Experimental System for Artificial
Diversification

Artificial diversification of CDR3 sequences requires four trans-
genes. The sgRNA sequences corresponding to the chosen target
sites in the CDR3 regions of the Sm Tcr genes (Figure 1B)
were incorporated into a ubiquitous expression system using
the human U6 promotor (hU6:sgRNACPR3 and hU6:sgRNACPR®),
respectively (see Methods). They were each combined with
a further three components: (1) the Sm transgene [16] itself;
(2) a conditional Cas9 expression construct (Rosa26:LSL-Cas9-
YFP) inserted into the ubiquitously transcribed Rosa26 locus
[18]; and (3) a pLck:Cre expression construct [19]. In such
quadruple transgenic mice, the proximal Lck promotor (pLck)
becomes active in DN2/DN3 thymocytes to produce Cre recom-
binase; the recombinase then removes the stop cassette in the
Rosa26 locus, which initiates Cas9 gene expression; the Cas9
protein forms a specific RNP complex with the ubiquitously
expressed sgRNA that attacks the CDR3 region of the cognate
TCR chain of Sm gene. The ends of the ensuing double-
strand breaks (DSBs) are joined together by the error-prone
nonhomologous end joining (NHEJ) repair process leading to
the formation of variant CDR3 sequences (Figure 2A,B). This
pool of CDR3 sequences then enters the T-cell differentiation
process in vivo. Where desired, we removed the contributions
of the endogenous TCR assembly process by adding Rag2-
deficiency as the fifth transgenic component to the compound

genotypes.

2.3 | Flow Cytometric Analysis of Edited
Repertoires

The compositions of the artificially diversified repertoires can be
assessed by use of the gp66 I-AP tetramer (henceforth abbreviated
as tetramer). The original Sm TCR (and possibly minor variants)
will bind to the tetramer, whereas more extensively modified
sequences may fail to interact with the tetramer; for instance,
in the example shown in Figure S5 for the case of Tcra editing,
the DN population contains a large fraction of tetramer-positive
cells that also express the Sm transgenic Va2 and V8.3 chains,
as expected. By contrast, the CD4 single-positive population
contains hardly any tetramer-positive cells; nonetheless, the
V8.3 chain is still expressed, because, in the Rag2-sufficient
background, it can pair with endogenous TCRa chains to form
a receptor at the cell surface. Collectively, this outcome is a
strong indication of efficient editing. When the same analysis
is conducted after Tcrb editing, we noted that the shift in the
tetramer-binding profile was relatively small, indicating that the
successful completion of the maturation of CD4 single-positive
thymocytes is very sensitive to sequence changes in the TCRfS
chain (Figure S5).

2.4 | Sequence Diversity of Oligoclonal Tcra and
Tcrb Repertoires

The CRISPR/Cas9-edited CDR3 sequences of Tcra and Tcrb
share several characteristics. Although some edited versions are
shorter than the original CDR3 sequence, most edited sequences
are longer. However, this is not the result of the intrathymic
selection process, as is evident from the superimposable size
distributions of out-of-frame sequences (which can be considered
to be representative of the pre-selection repertoire) that also show
the shift in the length distribution (Figure 2). Note that in our
system, the editing process occurs at the DN3 stage, during which
endogenous Tcrb genes would be assembled to enable the forma-
tion of the preTCR complex. Hence, at least some nontemplated
nucleotides occurring in the modified CDR3 regions may be the
result of the activity of terminal deoxynucleotidyl transferase at
this developmental stage, in addition to the changes afforded
by the error-prone NHEJ process. The number of detectable
clonotypes after CRISPR/Cas9-mediated editing is several-fold
higher for Tcra than for Terb (Figure 2C,D). This is not due
to differences in sequence coverage, as the average number of
mRNA molecules per clonotype is ~18 for Tcra and ~200 for
Tcrb. We interpret this result to mean that alterations of the
sequence of the Tcrb gene in the Rag2-deficient background
more often impair positive selection than those affecting the
Tcra gene.

2.5 | Intrathymic Selection of Edited TCR
Sequences

The present strategy lends itself to a detailed analysis of the
step-wise selection process in the thymus. Compared with
the unedited Sm TCR, editing of Tcra on the Rag2-deficient
background led to large numbers of CD4/CD8 double-positive
(DP) thymocytes, accompanied by only a few DN and single-
positive cells (Figure 3A,B). This profile is compatible with
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FIGURE 2 | Artificial diversification of Sm Tcra and Terb chains. (A) Alignment of a random selection of edited Tcra sequences; the original unedited
Tera sequence is shown in the top row (boldface letters). The genotype of mice is Sm*; pLck:Cre; hU6:sgRNACPR3; Rosa26:LSL-Cas9-YFP; Rag2™'~. (B)
Alignment of a random selection of edited TCRb sequences; the original unedited Tcrb sequence is shown in the top row (boldface letters). The genotype
of mice is Sm*; pLck:Cre; hU6:sgRNACPR3Y: Rosa26:LSL-Cas9-YFP; Rag2~/~. (C) Size distribution of edited CDR3 Tcra regions; the length of the original
Sm Tera chain is marked by an arrow (top panel). An enlarged view of the size distribution without potentially functional in-frame sequences is shown
in the bottom panel (a smoothed distribution curve is overlayed). The analysis is based on a total of 4769 clonotypes (represented by 87,944 mRNA
molecules) pooled from n = 6 mice. (D) Size distribution of edited CDR3 Tcrb regions; the length of the original Sm Tcrb chain is marked by an arrow
(top panel). Presentation of data analogous to (C). The analysis is based on a total of 1291 clonotypes (represented by 260,239 mRNA molecules) pooled
from n = 14 mice.

a differentiation block at the DP stage. Indeed, among cells At the DN stage, almost all transcripts emanate from the original
expressing the TCR complex at the surface, the majority have a unedited Tcra (red bar in Figure 3E); however, the presence of
DN-stage phenotype, whereas only a few DP thymocytes express the many clonotypes in the population indicates that editing has
the receptor at the surface (Figure 3C,D). This flow cytometric ~ occurred (Figure 3E). In the DP population, the overwhelming
phenotype suggests the presence of an efficient editing process, majority (97.8%) of expressed clonotypes are out-of-frame
as a result of which only a few productive Tcra sequences sequences (Figure 3F), explaining the paucity of DP thymocytes
remain that can support selection into the CD4 single-positive expressing a TCR at the surface (Figure 3C,D). By contrast,
pool. expressed clonotypes in the CD4 single-positive population
almost exclusively (92.3%) comprise in-frame Tcra sequences, of
In order to confirm this conclusion, we carried out a detailed which only a small proportion represents the original sequence
analysis of CDR3 sequences after Tcra editing, considering (Figure 3G), indicating that variant sequences survive the
two aspects. First, we determined the number of Ter mRNA  intra-thymic selection process. Owing to the composition of
molecules, represented as the number of unique molecular clonotypes in the CD8-positive compartment, which appears
identifiers that are introduced during the cDNA synthesis. When to be very similar to that of the DP compartment, we propose
a particular mRNA sequence is represented by many UMIs, we that they for the most part represent immature single progenitor
assume that the number of cells in the relevant cell population CD8s, rather than mature CDS cells (Figure 3H).
that express this particular sequence (clonotype) is high. The
number of molecules per clonotype are then plotted as a function The situation is different for the Tcrb editing process. In this
of CDR3 lengths. Second, we consider the overall number of  case, a large population of CD4 single-positive cells remains,
different CDR3 sequences (that is, clonotypes) to give an indica- accompanied by an even larger DN population; of note, the
tion of the overall sequence diversity. These histograms therefore outcome of editing (Figure 4A,B) with respect to the four major
provide information about the population structure, which, in thymocyte populations is much more variable than what was
general, is characterized by the presence of a few large clones observed for Tera editing (Figure 3). In contrast to the case of Tcra
amidst many small ones. editing (Figure 3), Tcrb surface expression is most prominent in
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Repertoire selection after Tcra editing. (A) Distribution of total thymocyte CD4 and CD8 populations. A flow cytometric profile is shown

for illustrative purposes. (B) The results of experiments in (A) are summarized in the right panel (n = 6). (C) Distribution of surface TCRb* CD4 and CD8
thymocyte populations. A flow cytometric profile is shown for illustrative purposes. (D) The results of experiments in (C) are summarized in the right
panel (n = 6). (E) Sequence variants present in DN thymocyte populations; data are from n = 8 mice. (F) Sequence variants present in DP thymocytes.
(G) Sequence variants present in CD4-SP thymocytes; data are from n = 1 mouse. (H) Sequence variants present in CD8-SP thymocytes; data are from
n =1mouse. In (E)-(H), UMI-weighted representations of clonotypes (left y-axis) and a number of total sequence variants (right y-axis) are plotted as a
function of CDR3 length; the unedited Sm Tcra sequence is indicated in red, in-frame variants are highlighted in green.

the DP and CD4 SP populations (Figure 4C,D). This phenotype is
reflected in the distribution of clonotypes (Figure 4E-H), where
the unedited version and other in-frame variants predominate for
both DP (83.4%) and CD4 SP (86.4%) cells.

In summary, the distribution of clonotypes in the different
thymocyte populations illustrates the selective forces that are
imposed on developing thymocytes when they undergo positive
and negative selection. The depletion of out-of-frame sequences
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at the transition from DP to SP cells is particularly striking.
The specific constellation of the Tcra and Terb gene sequences
encoding the Sm TCR likely determines the relative importance
of the two chains for positive selection of T cells that is mirrored
in the different outcomes of Tcra and Terb editing; the degree of
sequence malleability in the TCRa chain is much higher than that
for the TCRg chain.

2.6 | Loss of gp66-77 Antigen Recognition in
Edited TCR Populations

We then turned to the analysis of the peripheral T-cell com-
partment, with particular emphasis on the antigen specificity
of the artificially diversified T-cell repertoire. As expected from
the outcome of intra-thymic development, Tcra editing causes a
greater loss of tetramer-binding cells than Terb editing; whereas
43.1% (range 12.8% to 80%) of CD4% splenocytes bound the
tetramer after Tcra editing, 89.3% (range 63.4% to 99%) did so in
Terb edited mice (Figure 5A,B). When we analyzed the sequences
in tetramer-positive and tetramer-negative cells, several features
emerged. In Tcra-edited mice, most CDR3 regions of splenic
CD4*Va2+V8.3*tetramer® cells have the same length as the
original sequence or contain just one additional amino acid
(Figure 5C). By contrast, almost all clonotypes found in tetramer-
negative cells have longer CDR3 regions (Figure 5D) and exhibit
a broader size distribution. Of note, the frequencies with which
individual clonotypes are represented in the population vary
considerably (as measured by the number of UMIs associated
with a given clonotype); a few clones dominate the repertoire.
In the case of Tcrb-edited mice, fewer clonotypes are present in
the peripheral T-cell compartment (Figure 5E,F), in line with
the characteristics observed for thymocytes (Figure 4). Noncog-
nate clonotypes, although clearly present in the population
(Figure 5E), contribute only very little to the tetramer-positive
fraction; the original Tcrb sequence dominates and comprises
95.8% of the expressed clonotypes (Figure 5E). The size distribu-
tion of tetramer-negative cells is again broader than that of their
positive counterparts; the expression profile indicates that about
80% of clonotypes contain variant sequences (Figure 5F); owing
to the very few tetramer-negative cells in the population, it proved
difficult to reliably purify them away from tetramer-positive cells,
as is evident from an approximately 15%-20% proportion of the
unedited Tcrb chain.

2.7 | Sequence Space of Antigen Reactive TCRs

Next, we studied the sequence diversity among peripheral T
cells. We reasoned that the network properties with respect to
sequence similarity would provide information on how flexible
TCRa and TCRf sequences are in their contribution to the
binding of the tetramer. Whereas our clonotype assessment
in Figures 2-5 was based on nucleotide sequences, here we
consider the derived amino acid sequences of the CDR3 regions.
In the network graphs shown in Figures 6 and 7, each node
represents a unique TCR sequence, the size of the circle being
proportional (at a logarithmic scale) to the UMI count in the
population; pairs of nodes were then connected by an edge, when
they were separated by one amino acid difference [Levenshtein
distance of 1], that is, by replacement, deletion, or addition

of one amino acid. The unedited sequence is indicated by a
yellow node. For the network of amino acid variants generated
for TCRa (Figure 6A), we find that a variant of the unedited
CDR3 sequence (CAANQGGRALGTF; G instead of I) is the most
connected node with 30 edges. The average degree of connectivity
of the network, that is, the average number of edges connected
to a node is 4.04. Although many sequences differ from the
original sequence by only one amino acid, a substantial fraction
differs by two and three residues; in addition, tetramer-negative
clonotypes tend to diverge more from the original sequence
(Figure 6B). This is reflected in an almost three-fold difference
in the degrees of connectivity, 7.2 edges in the tetramer-positive
population versus 2.8 edges in the tetramer-negative population
(Figure 6). The amino acid compositions in tetramer-positive
and tetramer-negative cells also differ; of note, the presence of
isoleucine directly N-terminal to the phenylalanine residue of the
characteristic FGXG tetrad of the Ja region appears to strongly
disfavor tetramer binding (Figure 6C).

Among TCRg sequences recovered from the tetramer-negative
fraction, the divergence from the original sequence is even more
pronounced (Figure 7A); most tetramer-negative clonotypes carry
three variant amino acids, whereas their tetramer-positive coun-
terparts diverge by only one residue (Figure 7B). The average
degree of connectivity of the TCR-3 repertoire (4.35 edges per
node) is slightly higher than that for the edited TCR-« repertoire.
Whereas the original sequence is the most connected one (42
edges), the nodes of tetramer-binding cells are slightly less
connected than the average (3.8 nodes) and mostly connect to
the central (unedited) node (Figure S6). As a consequence, most
TCRg sequences in the tetramer-positive population are at an
editing distance of 1 of the canonical Sm sequence (Figure 7B).
As with TCRa sequences, it appears that certain amino acids
are incompatible with tetramer-binding. In the case of TCRf
clonotypes, those in tetramer-positive cells almost invariable
carry a serine residue at C-terminal position +3 relative to
the characteristic cysteine residue of the Vg region, whereas
tetramer-negative cells possess bulkier (and sometimes even
charged) residues at this position; a similar difference is observed
at position +4, where tetramer-positive cells exhibit an almost
invariant aspartate (Figure 7C). We conclude that TCR« variants
from tetramer-binding cells form a well-connected subgraph,
whereas changes in the TCRS sequences are less well tolerated
with respect to tetramer binding.

2.8 | New Antigenic Specificities of Edited TCRs

As indicated above, the use of tetramers revealed the relative
contributions of TCRa and TCRf chains to the recognition
of the cognate gp66-77 antigen and the effects of sequence
changes in the CDR3 regions on antigen binding. We, therefore,
examined whether the edited receptor repertoire harbors altered
specificities, that is, reactivities against (unknown) endogenous
self-antigens distinct from those that support positive selection
of the cognate Sm receptor. To do this, we examined the
emergence of regulatory T cells in the peripheral compartment,
which we considered a sensitive test because hardly any Foxp3-
positive cells are detectable among the cells expressing the Sm
transgene [17] (Figure S2), in stark contrast to the Sm-negative
cells (Figure 8A,B). When Tcra editing occurs in Rag2-sufficient
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mice, the imbalance between the transgenic TCR chains causes
the transgenic TCRa chain to be replaced by endogenous TCR«a
chains; accordingly, in the example shown in Figure 8C, only
a small fraction of Vf38.3-positive cells also express the trans-
genic Va2 chain. The reduction of cognate Sm-positive cells

is associated with the appearance of a small but noticeable
population Foxp3-positive cells in the Va2/V38.3 double-positive
transgenic population (2.6%; 3.1% [n = 2]); however, essentially all
Foxp3-positive cells (88.3%; 92.0% [n = 2]) belong to the tetramer-
negative fraction (Figure 8C), suggesting that they recognize
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noncognate self-antigens. This effect is magnified in the Rag2-
deficient background, where no endogenous TCRa chains [20]
can replace the altered TCRa component. Among the Va2/Vf38.3
double-positive population, about 20% are also positive for Foxp3
(20.5%), and, again, all of these cells belong to the tetramer-
negative fraction (95.2%) (Figure 8D). Collectively, these data
show that sequence alterations in the transgenic TCRa chain not
only cause the loss of binding to the cognate antigen but may also
generate antigen specificities for a new set of self-antigens, the
identity of which is currently unknown.

2.9 | Noncanonical Diversification of CDR3
Regions

A particular advantage of the strategy outlined here is its ver-
satility with respect to the region of sequence diversification.
Whereas the physiological RAG-mediated assembly of antigen

receptor genes reflects the combined effects of error-prone
nonhomologous end joining coupled to the activity of terminal
deoxynucleotidyl transferase at the free ends of V (D) and J ele-
ments, artificial diversification can, in principle, target any aspect
of the CDR3 regions, not just the junctional sequences. By way
of example, we compare the nucleotide sequences of an arbitrary
length of CDR3 regions (45 nucleotides) derived from a polyclonal
repertoire of Va2-Vb8.3 assemblies [21] and those of the artificially
diversified population. In the wild-type sequences, the high
sequence diversity of the Va-Ja junction in the CDR3 region is
immediately apparent (Figure 9A, top row). By contrast, because
the site of diversification is shifted to the right in the artificial
diversification process, the greatest sequence diversity occurs just
upstream of the TTT codon encoding the characteristic pheny-
lalanine residue of the FGXG tetrad of Ja elements (Figure 9A,
bottom row). These regional differences are best appreciated in
the diagram plotting the values for the conditional information
of the diversified segments (Figure 9B). Interestingly, the novel
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Ja sequence variants generated by artificial diversification have
virtually no correspondence to the natural mouse germ-line
sequences. Among the 64 Ja sequences that are used in the
mouse immune system, 28 different XXXF sequences (X indicates
any amino acid residue; F here is the first residue of the FGXG
tetrad) are represented. When these germline-encoded sequences
are compared to the 53 most frequently used Ja sequences in
the collection of artificially diversified segments, they each form
a separate network without overlap. Yet, despite these distinct
sequence repertoires, the artificially diversified Ja sequences can
be equally well selected into the functional peripheral T-cell pool,
with some exhibiting the same antigen specificity as the original
Sm chain. This is a testament to the strong selection of TCRs
during T-cell development and may explain why Ja sequences
exhibit little conservation across species [21].

In a final comparison, we attempted to match our collection of
artificially edited TCR sequences that are expressed by tetramer-
positive cells to the TCR repertoire that emerged in mice after
LCMYV infection or immunization with the immunodominant gp
epitope [15]. No overlap was found between the 473 unique Tcra
sequences identified in the LCMV cohort and our CRISPR/Cas9-
mutated Tcra sequences; however, 359 of LCMV expanded clones
[15] overlap with the 131,009 TCRa CDR3 sequences [21] of
wildtype mice, equivalent to 0.27% of the sequence space.

3 | Conclusion

The structural features of antigen receptor repertoires are at
the center of much current immunological research, with a
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particular focus on deciphering their antigen specificities.
Indeed, the use of T cells for therapeutic purposes would benefit
greatly from the ability to predict the antigen-specificity of any
TCR sequence, or, vice versa, to ab initio predict a reactive TCR
sequence for any given peptide-MHC complex. The combination

of high-throughput sequencing and computational analyses has
led to several notable advances toward these goals. Progress,
however, is hampered by the astronomical complexity of the TCR
repertoire and the equally diverse universe of potential MHC
peptide ligands. Our work addresses the problem of deciphering
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antigen-specificity from a different angle. We start from a TCR
of a known specificity and employ an artificial in vivo system
of sequence diversification of the CDR3 regions to monitor
the effect on intra-thymic selection and antigen reactivity. The
comparative analysis of natural and artificially diversified Tcra
sequences described here indicates that the combination of
structural flexibility of TCRs and the strong selective forces
operating in the immune system are sufficient to elaborate
physiologically meaningful TCR repertoires even from unusual
Ja gene sequences. On the one hand, this feature may seem to
add a further level of (undesired) complication in the quest to
understand the rules of TCR-pMHC interactions; however, on
the other hand, it offers unexpected flexibility for engineering
antigen-specific TCRs. Nonetheless, given the availability of
dozens of well-characterized TCR transgenes, we posit that,
compared to the analysis of a naturally arising repertoire, our
approach reduces the complexities associated with learning
the rules of antigen recognition. We thus consider our new
experimental paradigm as a complement to current efforts aimed
atlearning the rules governing the relationship of TCR sequences
and recognition of specific peptide/MHC complexes.

3.1 | Data Limitations and Perspectives

The present work introduces a new experimental paradigm
aimed at understanding the rules that determine the specificity
of pMHC/TCR interactions that can be generalized to the study
of other known pMHC/TCR complexes, ideally, those for which
structural information is available for the cognate ligand/receptor
pairs. The results of our proof-of-concept experiment indicate
that it is possible to artificially diversify a monoclonal TCR in
vivo, to follow the intra-thymic selection events, to analyze the
antigen-binding properties of the peripheral T-cell pool, and to
associate sequence changes in the CDR3 region to the retention
or loss of reactivity toward one specific antigen. Although
the emergence of Foxp3-positive T cells in the diversified T-
cell pool is indicative of positive selection by distinct (self)
antigens, formal proof of altered peptide specificity requires
the identification of the selecting ligand(s). Unfortunately, no
structural information on the pMHC/TCR complex that is
studied here is available; however, we envisage that the analysis
of CDR3 sequences expressed in single cells will likely provide
indications of epistatic constraints in the CDR3 sequence that
dictate productive interactions with the cognate ligand.

4 | Methods

4.1 | Mouse Lines

The hU6:5gRNA™" and hU6:sgRNA™ transgenes were cloned
as Notl fragments into the Bluescript vector and consist of the
human U6 promotor (nucleotides 1-264 in Genbank accession
number JN255693), followed by the mouse Tcra and Tcrb target
sequences (5-GAGGCAGAGCTCTGATATT-3"; 5-GCAGTGAT
TTCGGGGGAGG-3"), and the sgRNA backbone (nucleotides
218-139 [reverse complement] in Addgene plasmid #42250),
followed by a short 3”-sequence (T(G,A,); for injection into
fertilized eggs, the construct was linearized with Sacl. Transgenic
mice were generated on an FVB/N background (FVB/N-tg(hU6-
sgRNA-Tcra)1™°/Mpie; FVB/N-tg(hU6-sgRNA-Tcrb)1™/Mpie)

and subsequently backcrossed to the C57BL/6J background.
Genotyping was performed using primers OBG132 (5"-GCCTATT
TCCCATGATTCCTTC) and OBGI133 (5-TTCAAGTTGATAAC
GGACTAGCC); amplicon size 396 bp.

The pLckCre transgenic line was obtained from the Jackson
laboratories (B6.Cg-Tg(Lck-cre)548Jxm/J; stock no. 003802) [19].
Under this promoter, the onset of expression of Lck is at the DN2
stage of thymocyte development [22]. Genotyping was performed
using primers KL003 (5-GGTGAACGTGCAAAACAGGCTCTA)
and KL004 (5-TGCATGATCTCCGGTATTGAAAC); amplicon
size 551 bp.

The SMARTA TCR transgenic line, obtained from Hanspeter
Pircher, was constructed from TCR sequences derived from a
CD4+ clone specific for the LCMV GP-derived I-Ab binding
epitope (aa 61-80); it is composed of Va2.3 and Vb8.3 TCR variable
genes [16]. The transgene is precociously expressed already
during the DN stages of thymocyte development [23-26]. Geno-
typing [for the Tcrb chain gene] was performed using primers
MK14 (5-TAACACGAGGAGCCGAGTGCCT) and MKI140 (5*-
CTGAGGCTGATCCATTACTC); amplicon size 220 bp.

The Cas9 expression construct consists of a Cas9 transgene
expression cassette (3XFLAG-tagged Streptococcus pyogenes Cas9
linked via a self-cleaving P2A peptide to an enhanced green
fluorescent protein [EGFP]) inserted into the Rosa26 locus; the
transgene is driven by the ubiquitous CAG promoter and is
interrupted by a loxP-stop (3xpolyA signal)-loxP (LSL) cassette
to render Cas9 expression inducible by the Cre recombinase [18].
Genotyping was performed using primers JBS532 (5-CCACG
ACGGAGACTACAAGG) and JBS533 (5-GGGCTCCGATCA
GGTTCTTC); amplicon size 254 bp.

The Rag2-deficient strain (B6.129S6(Cg)-Rag2tm1Fwa/FwaOrl)
[20] was obtained from the EMMA repository (infrafrontier.eu/
emma). Genotyping was performed using primers PRI114
(5"-CTTGCCAGGAGGAATCTCTG) and PRI16 (5-CTCCTG
GTATGCCAAGGAAAA) for the wildtype allele (amplicon size
246 bp); and PR120 (5-CGTGCAATCATCTTGTTCA) and PR116
(5"-CTCCTGGTATGCCAAGGAAAA) for the mutant allele
(amplicon size 451 bp).

For genotyping, the following PCR conditions were used for all
assays: Initial denaturation at 94°C for 2 min, followed by 34
cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s, and finally
an extension step at 72°C for 5 min. DreamTaq DNA Polymerase
(Thermo Fisher; catalog number EP0705) was used according to
the manufacturer’s recommendations.

Mice were kept in the animal facility of the Max Planck Institute
of Immunobiology and Epigenetics under specific pathogen-free
conditions. 4-week-old mice were used.

4.2 | Flow Cytometry

Single-cell suspensions of thymus and spleen lymphocytes were
phenotyped by flow cytometry. Erythrocytes from splenic samples
were lysed with ACK lysis buffer (0.15M NH,CI, 10 mM KHCO;,
0.1 mM EDTA in H,O, pH 7.2-7.4). Tetramer staining with I-A®
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DIYKGVYQFKSV-PE-Tetramer (dilution 1:200) was done before
antibody staining at 37°C for 30 min in PBS buffer. Afterward,
cells were stained with the following antibodies (each used at
1:300 dilution): anti-CD4-BV650 (clone RM4-5), anti-CD8-BV510
(clone 53-6.7), anti-Va2-PE-Cy7 (clone B20.1), anti-V[38.3-FITC
(clone 1B3.3). For identification of Treg cells, anti-CD25-PE (clone
PCé61) and anti-APC-tetramers were used, followed by intra-
cellular staining after fixation and permeabilization using the
FoxP3/Transcription staining buffer set (eBioscience) following
the manufacturer’s protocol and anti-Foxp3-eFLUOR450 (clone
FJK-16s). The tetramer was kindly provided by the NIH Tetramer
Core Facility at Emory University. FACS analysis was done in
LSRFortessa and FACSymphony analyzers, and cell sorting was
done using a FACSAria instrument (BD Biosciences).

4.3 | Repertoire Sequencing

After RNA extraction from sorted cells using the TRI Reagent
(ThermoFisher) according to the manufacturer’s instructions,
cDNA synthesis was carried out, primed with oligo(dT) (5'-
AAGCAGTGGTATCAACGCAGAGTTTTTTTTTTTTTTTTTTTT
TTTTVN) using SMARTScribe Reverse Transcriptase (Clontech);
during the first-strand synthesis, 5-RACE adaptors (5'-
AAGCAGUGGTAUCAACGCAGAGUNNNNUNNNNUNNNNU
CTT[rGrGrGrGrG]) containing a UMI-barcode were introduced
through the template switching activity of the enzyme. Hemi-
nested PCR amplification with gene-specific primers and
adaptor binding primers was performed as follows. In the first
round, a mixture of UPM_S primer (5’-CTAATACGACTCACTA
TAGGGC), and UPM_L primer (5'-CTAATACGACTCACTATAG
GGCAAGCAGTGGTATCAACGCAGAGT) and OBG_183_ii
(5"- GCAGAGGGTGCTGTCCTGAGACCGAG; for TCR alpha
chain) or OBG_182_ii (5-CAATCTCTGCTCTTGATGGCT
CAAACAAGGAGACC; for TCR beta chain) were used; in the
second round, the UPM_S and UPM_L primers were used with
equimolar mixtures of OBG_141 (5'- acactctttccctacacgacgetcttceg
atctNNNNNCAGGTTCTGGGTTCTGGATGT), OBG_142 (5'-ac
actctttccctacacgacgetettccgatctNNNNNNCAGGTTCTGGGTTCT
GGATGT), and OBG_143 (5~ acactctttccctacacgacgetcttcegat
ctNNNNNNNCAGGTTCTGGGTTCTGGATGT) for TCR alpha
chain, or OBG_137 (5’- acactctttccctacacgacgetcttccgatctNNNN
GGAGTCACATTTCTCAGATCC), OBG_138 (5'- acactctttcce
tacacgacgctcttccgatctNNNNNGGAGTCACATTTCTCAGATCC),
and OBG_139 (5’-acactctttccctacacgacgctcttccgatctNNNNNNGG
AGTCACATTTCTCAGATCC) for TCR beta chain were used.
The amplification conditions for the first round were as follows:
Step 1: 98°C for 90 s; followed by 20 cycles of 98°C (10 ), 68°C
(20 )72°C (45 s), and finally 72°C (8 min). The amplification
conditions for the second round were the same, except that only
15 cycles were used. The resulting TCR alpha and beta amplicons
were sequenced on an Illumina MiSeq instrument (read length
of 300 bp).

4.4 | Repertoire Analysis

The sequences of UMI-barcoded cDNAs were classified as Tra or
Trb assemblies based on C region sequence signatures (Trac: 5~
GTTCTGGATGT, Trbc: 5°- TTTCTCAGATC). The CDR3 regions
were identified based on the presence of the conserved cysteine

(V region), and phenylalanine (J region) residues, following
the IMGT nomenclature [27]. A table was generated from the
extracted CDR3 sequences; CDR3 sequences were included only
when UMI-CDR3 pairs were represented at least three times in
an individual sequence collection. The mRNA counts depicted in
CDR3 length plots and the sizes of network nodes reflect the UMI
counts obtained in this table. Typically, the sequence complexities
of individual samples were found to be in the order of 10° to 10%;
since our protocol accommodates 42 (or ~107) different UMIs,
UMI collision (i.e., the occurrence of two reads with the same
sequence and same UMI barcode, but originating from two differ-
ent cDNA molecules) was deemed to be irrelevant for the analysis.
As expected for the Rag2~/~ background, inspection of the tables
showed no background recombination, that is, usage of V and J
segments other than those of the Sm transgene. Network analysis
was performed using the igraph package implemented in R.
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