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One Sentence Summary
Clonally expanded and transcriptionally distinct B and T cells are discovered in brains of elderly

mice by single-cell immune repertoire and transcriptome sequencing.

Abstract

Neuroinflammation plays a crucial role during ageing and various neurological conditions,
including Alzheimer’s disease, multiple sclerosis and infection. Technical limitations, however,
have prevented an integrative analysis of how lymphocyte immune receptor repertoires and their
accompanying transcriptional states change with age in the central nervous system (CNS). Here,
we leveraged single-cell sequencing to simultaneously profile B cell receptor (BCR) and T cell
receptor (TCR) repertoires and accompanying gene expression profiles in young and old mouse
brains. We observed the presence of clonally expanded B and T cells in the central nervous
system (CNS) of aged mice. Furthermore, many of these B cells were of the IgM and IgD isotype
and had low levels of somatic hypermutation. Integrating gene expression information
additionally revealed distinct transcriptional profiles of these clonally expanded lymphocytes. Our
findings implicate that clonally related T and B cells in the CNS of elderly mice may contribute to

neuroinflammation accompanying homeostatic ageing.

Introduction
Ageing of the immune system, commonly referred to as immune senescence, has been shown

to hamper adaptive immune responses in the context of vaccination, viral infection and

. Host-mediated immunopathology is sometimes increased in the

neurological conditions
elderly during immune challenges °, further highlighting the importance of studying adaptive
immunity in the context of ageing. A number of phenotypic and functional alterations have been
linked to dysfunctional adaptive immunity, including the diminished production of new naive B

6-8

and T cells ®®, increased host-immunopathology during viral infections and disease °*, increased
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exhaustion and elevated expression levels of dysfunction markers '®'". A prominent example
revealed that CD8 T cells up-regulated classical exhaustion markers (PD-1, LAG3, 2B4, CD160)
when comparing 4-month-old to 12-month-old mice. Strikingly, the difference between 12-
month-old and 18-month-old mice demonstrated an even more dramatic increase in the
aforementioned exhaustion markers, exemplified by an even larger increase in PD-1" naive T cells
in 18-month-old mice. A comparable population of age-associated B cells has been recently
described and characterized by absence or presence of specific surface markers: CD21°, CD23"
, Tbet*, and CD11c* ' This population increases with age and has been associated with the
production of autoantibodies and pro-inflammatory cytokines, despite the antigen-specificity of
these B cells remaining unknown.

A recent study using high-dimensional mass-cytometry reported an increased percentage of B
and T cells located in the elderly murine CNS ™. However, the phenotypic analysis of this study
was primarily focused on myeloid cells and microglia, thereby leaving the phenotype of adaptive
immune cells uncharacterized. The importance of adaptive immune cells in the context of
neurological disorders has been further highlighted by the success of monoclonal antibody
therapies targeting cells of the lymphocyte branch '*'. In one instance, a B cell-depleting anti-
CD20 monoclonal antibody was used for the treatment of multiple sclerosis '*2°. These findings
have implicated an antibody-independent role of adaptive immune cells in CNS pathology, as the
primary antibody producing cells (plasma cells) do not express CD20 2'-2%, Furthermore, the aged
CNS is populated with adaptive immune cells in the context of various diseases 2*?, thereby
warranting further investigation into CNS-resident lymphocytes. In particular, as the prevalence

of neurological diseases tends to increase with age 22

, elucidating key features of adaptive
immunity (i.e., lymphocyte clonal diversity and clonal expansion along with defined transcriptional
states) in aged brain tissue will be of utmost importance. Due to technological limitations
however, previous studies were unable to provide such information, thereby ignoring crucial
features of adaptive immunity in the CNS of aged individuals.

Advances in deep sequencing and microfluidic-based technologies have revolutionized the
resolution with which we are now able to extract biologically relevant information from adaptive
immune receptor repertoires (immune repertoires) ', Immune repertoires represent a vast and
diverse collection of B and T cell receptors (BCR and TCR, respectively) and can be used to
quantify both past and ongoing immune responses of an individual. The majority of studies in the
past have focused primarily on delineating repertoire metrics based on a single variable region:
the variable heavy (Vi) chain in case of BCRs *** or the variable beta (VB) chain in case of TCRs
%35 However, new single-cell sequencing technologies are now enabling a more comprehensive

characterization of immune repertoires by capturing both BCR variable light (V) and V4 regions

and TCR variable alpha (Vo) and VP chains ***’. For example recent studies employing single-
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cell TCR sequencing have discovered convergent sequence motifs correlating to MHC-peptide

antigens from bacterial or viral pathogens %

. Single-cell sequencing can also recover
transcriptional profiles, which can be linked to immune repertoire clonal identifiers to thus obtain
a comprehensive phenotypic characterization of lymphocytes *. For example, single-cell profiling
of BCR repertoires and transcriptomes has recently revealed a high degree of bystander
activation during influenza vaccination *®. This combined immune repertoire and transcriptome
profiling has also been employed to obtain unprecedented resolution of lymphocyte dynamics
in the context of cancer *'*2,

Here, we performed single-cell immune repertoire and transcriptome sequencing of B and T cells
from 3-month-old, 12-month-old, and 18-month-old mice in order to phenotypically characterize
and determine the extent of clonal expansion of adaptive immune cells in the aged CNS. Our
strategy to profile B and T lymphocytes allowed us to relate repertoire parameters such as clonal
expansion, germline gene usage and isotype (in case of B cells) to gene expression profiles at
the single-cell resolution. Our findings demonstrated the presence of highly expanded B and T
cell clonal lineages in the aged CNS. We could additionally demonstrate that expanded B cells
in the aged CNS were predominantly of the IgM isotype and exhibit low levels of somatic
hypermutation. While we observed that clonally expanded CNS lymphocytes had distinct
transcriptional profiles compared to unexpanded clones, there were few age-associated changes
in gene expression. Taken together, our findings demonstrate the accumulation of clonally
expanded B and T lymphocytes in the CNS upon ageing that may contribute to age-associated

neuroinflammation.

Results

Single-cell sequencing of immune repertoires and transcriptomes of lymphocytes from
murine CNS

To investigate the lymphocytes in the aged CNS, we performed single-cell sequencing on B and
T cells isolated from entire brains of pooled 3-month-old (n=4), 12-month-old (n=4) and 18-
month-old C57/BL6j male mice (n=4). We additionally processed and sequenced the brain of an
individual 18-month-old mouse to ensure both reproducibility and to allow the detection of
common immune cell clones shared between mice. B and T lymphocytes were isolated by
performing fluorescence-activated cell sorting (FACS) of cell suspensions derived from whole
brains of each cohort. B cells were isolated based on CD19* B220* surface expression, whereas
T cells were sorted based on surface expression of CD3* and CD4* or CD8" (Figure 1A). Following
sorting, the entirety of the three isolated immune cell populations were pooled and supplied as
input for single-cell sequencing using the 10X Genomics Chromium pipeline. Following cell lysis,

reverse transcription, and introduction of cell-specific nucleotide barcodes, we split each
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barcoded sample into three to prepare gene expression libraries (GEX), T cell V(D)J libraries, or
B cell V(D)J libraries separately.

Following deep-sequencing of the three libraries per cohort, we were able to recover
transcriptional information for approximately two thousand distinct cells (Figure 1B). In
accordance with previous reports of increased B and T cells in the aged mouse brain '°, we
observed a higher number of cells from both cohorts of 18-month-old animals (Figure 1B). We
did not observe an increased number of recovered cells in the pooled 18-month-old relative to
the individually processed 18-month-old brain, suggesting potential cell loss during pooling and
sequencing library preparation. Nevertheless, we detected on average ~1000 genes per cell
across all cohorts, with an average of approximately 2700 counts per cell (Figures 1C, 1D). We
additionally observed that, on average, fewer than 5% of counts per cell mapped to mitochondrial
genes, implying adequate sequencing quality (Figure 1E).

We next analyzed full-length paired variable region clones (V+:V. for B cells and Vp:Va for T cells);
a clone was defined based on the amino acid sequence of complementary determining region 3
(CDRS3) of both variable regions (i.e. CDRH3+CDRL3 for BCR, CDRB3+CDRa3 for TCR). We
observed increased clonal diversity for both B and T cells in the aged cohorts (Figure 1F), as well
as for the BCR repertoire from the individual 18-month-old mouse compared to the pooled 18-
month-old cohort (Figure 1F), potentially suggesting mouse-heterogeneity with regards to clonal

diversity or that technical biases arose during sample pooling.

Clonally expanded B and T cells are located in the murine CNS of elderly mice

After witnessing the clonal diversity in the immune repertoires of aged mice, we next questioned
whether this was due to random infiltration of unrelated, circulating lymphocytes or due to
infiltration of clonally related B and T cells. V(D)J recombination generates a diverse panel of
BCRs and TCRs, such that they are essentially unique to an individual recombination event *.
Thus, finding two or more lymphocytes with identical clonal sequences (CDRH3+CDRL3 or
CDRp3+CDRa3) strongly supports that clonal expansion occurred. We therefore quantified the
number of cell barcodes for the top 40 most expanded B and T cells for the four cohorts (Figures
2A, 2B). In the 3-month-old pooled brain, we observed only 7 BCR clones corresponding to two
distinct B cells (Figure 2A). Comparing this to the other two cohorts, revealed an increase in B
cell clonal expansion for both 12-month-old and 18-month-old mice (Figure 2A). Due to our
experimental setting, it is not possible to resolve whether this clonal expansion is due to BCR
clones recovered in multiple mice (public clones) or clonal expansion within a single mouse. To
further investigate this, we performed a similar quantification for the individually processed 18-
month-old mouse, which revealed immense clonal expansion relative to the low number of

recovered cells (Figures 2A, 1B). For example, 33 cells were present in the most expanded clonal
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family, and additionally there were still 3 cells corresponding to the 40th most expanded clone
(Figure 2A). The definition of a clonal family here is based on exact CDRH3+CDRL3 amino acid
sequences, which thus excludes BCR sequences that have somatic hypermutation in the CDR3
regions. Thus, we performed an additional clonotyping analysis based on identical V4 and V.
germline genes and identical CDRH3 and CDRL3 amino acid sequence lengths, which resulted
in only a difference for three clones (Figure S1), thereby confirming that our initial clonal family
definition sufficiently described clonal expansion.

The presence of clonally expanded B cells in the aged CNS prompted us to question whether
similar expansion profiles would be observed for T cells. We therefore performed the identical
analysis for the TCR repertoires for each age cohort. Measuring the clonal expansion for the top
40 T cell clones demonstrated that we could again recover multiple cells containing the same
clonal sequence (Figure 2B). In the 3-month-old and 12-month-old pooled brain TCR repertoires,
there were very few clonal sequences corresponding to more than 2 cells (Figure 2B). However,
in the pooled 18-month-old cohort, clonal expansion was nevertheless detected, with the most
expanded clone corresponding to 23 cells. While it is again not possible to entirely delineate
whether these are arising from a single mouse or public clones, combining these results with the
individually sequenced 18-month-old mouse nevertheless supports that clonally expanded

lymphocytes are present in the aged CNS (Figure 2B).

BCR repertoires in aged CNS have characteristics of naive B cells

After observing clonal expansion in the brains of aged mice, we next investigated whether these
B cells had undergone class-switch recombination, which would be a correlate of a previous
interaction with cognate antigen. We therefore extracted the heavy chain isotype for each B cell
clonal lineage across all four age cohorts. For clonal families containing more than one distinct
cell, we used the isotype corresponding to the majority of cells within that family. The majority of
the expanded clones were of the IgM isotype for all age cohorts, although surprisingly there were
many B cell clones corresponding to the IgD isotype for all four cohorts (Figure 3A). We next
determined the isotype distribution of clonally expanded B cells (Figure 2A), which revealed that
the majority of clonally expanded families contained cells of either the IgM, IgD or a combination
of the two (Figure 3B). The unexpected occurrence of exclusive IgD clones was also observed as
trend in many B cells of aged mice (Figure 3C). We further assessed whether these BCR
sequences were supported by multiple unique molecular identifiers (UMIs), because these
isotype results could have been a result of not sampling enough mRNA molecules for each cell,
thereby not detecting co-expressed IgM. However, we observed that almost all (>97%) of these
IgD clones were inferred using multiple UMIs (Figure 3D), suggesting sufficient sequencing and

sampling depth and thereby excluding to have missed co-expression of IgM.
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Our previous analyses demonstrating that relaxing clonotyping stringency did not alter clonality
in BCR repertoires, suggested that there were not substantial amino acid mutations in the CDR3
regions of B cells in the CNS. This was further implicated by the lack of class-switched B cells.
We therefore next investigated whether a similar lack of somatic hypermutation was observed in
the remaining regions of the BCRs. To accomplish this, we first quantified the number of somatic
variants (defined by unique, full-length, paired Vu-V. nucleotide sequences) within each clonal
family. This demonstrated that the majority of these clonal families containing more than one cell
had only one unique antibody sequence (i.e. all cells in a clonal family produced the same
antibody) for all age cohorts (Figure 3E). We next determined divergence from germline for each
clonal family which showed that despite low mutation levels for all BCR repertoires, there was a
trend of increased somatic hypermutation in the aged cohort, with certain clones diverging from
the reference germline by more than 10 nucleotide mutations (Figure 3F). Single-cell sequencing
allows us to separately analyze Vy and V. regions, thus we additionally determined whether
somatic hypermutation was distributed evenly across the two regions. In line with previous
findings, the Vyu region was the dominant target for somatic hypermutation across all cohorts
(Figure 3G). Taken in concert, these results suggest that the majority of B cells express IgM or
IgD BCRs and that there is a slight increase in somatic hypermutation in BCR repertoires of aged

mice.

Assessing sequence similarity of immune repertoires

After observing comparable isotype distributions in the BCR repertoires of young and old mice,
we next questioned whether we could detect hints of clonal convergence using other repertoire
metrics. While multiple bioinformatics analyses exist to quantify the similarity between
repertoires, we assessed whether there were identical BCR or TCR clones (defined as identical
amino acid sequences of CDRH3+CDRLS3 for BCR and CDRB3+CDRa3 for TCR) shared between
the different age groups. This analysis revealed that for both BCR and TCR there were no identical
clones found between the different age groups (Figure 4A). However, when restricting our
analysis to a single variable chain, (clone defined as identical amino acid sequence of CDRH3,
CDRp3, CDRL3 or CDRa3), we observed substantial clonal overlap in variable light chains of 18-
month-old cohorts (Figure 4A). We next determined if relaxing the definition of clonal overlap
would alter metrics of repertoire similarity between the aged cohorts. To address this, we
employed metrics from graph theory to quantify sequence similarity between clones both within
and across repertoires %. In sequence similarity networks, clones are represented as nodes and
are connected via edges to other clones with high sequence similarity (four or less amino acid
mutations across the paired CDR3s, Figure 4B, 4C). Information corresponding to age and clonal

frequency is demonstrated by color and size of nodes, respectively. We first illustrated the overall
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connectivity between all repertoires by including each unique clone in our similarity network. We
additionally created similarity networks to demonstrate the relationship between the connected
nodes, which clearly demonstrated a higher degree of sequence similarity between BCRs relative
to TCRs across cohorts (Figure 4B, 4C). There were several clusters in the BCR sequence
similarity network in which only clones from the CNS repertoires of aged mice were connected
(Figure 4C), potentially suggesting these clones may have a similar antigen-specificity and could
accumulate with age. Finally, we quantified the percentage of unique clones using each V
germline gene for the BCR and TCR variable chains for all cohorts and subsequently performed
hierarchical clustering. This revealed that the 18-month-old cohorts clustered together for BCR
Vu and V. and TCR Va chains, whereas the pooled repertoires for 12-month-old and 18-month-
old mice clustered together for the TCR Vf chain (Figures 4D). Together, these findings suggest

that V-gene usage similarity of immune repertoires increases in the elderly CNS.

Detection of transcriptionally distinct B and T cell clusters

Since single-cell sequencing workflows also enable parallel interrogation of transcriptomes, we
are able to assess the gene expression profiles of these of B and T cells in the CNS of the various
aged cohorts. We used transcriptome sequencing data to perform unsupervised clustering and
uniform manifold approximation projection (UMAP) to group cells with similar gene expression
profiles. This resulted in 11 distinct clusters which were populated by cells from all cohorts
(Figures 5A, 5B). We next determined whether single-cell transcriptome data was sensitive to B
and T cell clusters, as determined by cell-surface markers used during the FACS isolation.
Overlaying the expression levels of CD19, CD3e, CD8a and CD4 demonstrated that while we did
observe populations corresponding to these cell types, there were also clusters detected that
did not express these markers (Figure 5C). For example, microglial genes (Trem119 and OLFML3)
were detected in cluster 4, indicating possible impurities arising from FACS isolation (Figure 5D).
Quantifying the number and percentage of cells found in each cluster indicated that cells from all
age cohorts populated the clusters containing B cell genes (1,3,5,7,8 based on CD79, CD19,
CD20) and T cell genes (clusters 0,2,9 based on CD3e, CD8a, CD4) (Figure 5D). Taken in concert,
these analyses revealed comparable transcriptional profiles across all age cohorts and the need
to focus our transcriptional analysis on those specific B and T cell lymphocytes detected in our

V(D)J sequencing library.

Profiling transcriptional landscape in aged CNS lymphocytes
After observing clusters corresponding to cells other than lymphocytes, we next determined
whether we could restrict our transcriptome analysis by only including those barcodes detected

in the V(D)J libraries. Since the 10X Genomics single-cell sequencing workflow consists of
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labeling each cell with unique barcodes before separating cDNA as input into immune repertoire
or gene expression libraries, it was possible to selectively investigate cells for which both
repertoire and transcriptome data was available (n=1008 cells). Highlighting cells for which full-
length variable region repertoire information was available demonstrated that our previously
hypothesized clusters (Figure 5) were indeed populated with B and T cells (Figure S2A).
Consistent with our previous results (Figure 5A), the B and T cells from all age cohorts colocalized
based on gene expression information, further highlighting similarities between the aged cohorts
when using an unbiased clustering approach (Figures S2B, S2C). Next we investigated if
separating B and T cells would reveal any age-associated transcriptional changes between
cohorts. By restricting phenotypic analysis to cells for which we had complete BCR or TCR
sequence information (paired CDR3s, full-length V(D)J sequence) and performing unbiased
clustering and UMAP resulted in 5 and 4 transcriptional clusters for the T and B cells, respectively
(Figures 6A). We again observed comparable frequencies of cluster membership across all age
cohorts (Figures 6B), further suggesting that lymphocytes in the aged CNS maintain comparable
transcriptional profiles to those in young mice.

We next determined if any age-associated differences in the transcriptional profiles of
lymphocytes was observed when cluster membership was not taken into account. To this end
we computed the differential expression between the cohorts and found minor differences (Figure
6C). However, we observed a trend of upregulation of markers associated with T cell function or
exhaustion such as PD-1, Lag3, CTLA4, Tim3 (HAVCR2) in aged but not young mice (Figure 6D).
Other genes relevant to T cell function, such as expression of granzymes and interferon-gamma
followed a similar trend of upregulation in the 18-month-old animals, albeit with a low number of
cells (Figure 6D). With the exception of CD19, characteristic B cell markers, including age-
associated genes (CD11c and TBX21) and differentiation genes (AID, CD138, CD30) showed no

major differences across cohorts (Figure 6E).

Clonally expanded lymphocytes have distinct transcriptional profiles

Since we could observe clonal expansion in immune repertoires aged CNS, we investigated the
transcriptional landscape of these cells. Highlighting expanded clones (clonal families
corresponding to at least two distinct cell barcodes) suggested transcriptional-dependent
clustering for both B and T cells (Figures 7A, 7B). While expanded T cells were distributed across
all clusters (excluding cluster 3), we observed that the majority were CD8 T cells (Figures 7C),
clarifying our previous clonal expansion findings (Figure 2B). In order to detect transcriptional
signatures, we explicitly quantified differential gene expression between clonally expanded
lineages and those containing only a single cell. This comparison between expanded to

unexpanded cells resulted in 26 and 57 genes differentially regulated (p.adj < 0.01) for T and B
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cells, respectively (Figures 7D, 7E). Strictly taking the top genes based on p-values demonstrated
that expanded T cells expressed higher levels of NKG7, CCL5, CXCR6, CCL4, Granzyme K, and
ID2 and had downregulated markers associated with a central memory phenotype, such as
CD62L, CCR7, LEF1, and IL7R (Figure 7D). The phenotypic profile of expanded B cells was less
clear, although some relevant genes such as CCR7 and ones involving proliferation (e.g. BTG1)
were detected as downregulated in expanded cells (Figures 7E). Quantifying gene expression for
a panel of relevant genes demonstrated a trend that clonally expanded T cells expressed more
PD-1 (PDCD1), interferon gamma (IFNG), and granzyme B (GZMB) (Figure S3A), suggesting
recent or persistent activation. Performing a similar analysis using a panel of age- and activation-
associated B cell markers resulted in minor differences in gene expression between expanded
and unexpanded B cells, although this analysis may have been limited by low count numbers for
the selected genes (Figure S3B). Extending our analysis to quantify differences between the
expanded cells of aged versus young CNS lymphocytes did not reveal major changes in
transcription, again consistent with our previous findings (Figures S4A, S4B, S4C). Taken
together, these results demonstrate distinct transcriptional phenotypes of clonally expanded
lymphocytes in the CNS that are robust to age-associated changes following homeostatic

ageing.

Discussion

Here we present a comprehensive single-cell analysis of immune repertoires and transcriptomes
of lymphocytes in the context of aging and CNS. Our experimental and computational workflow
revealed the presence of clonally expanded B and T cells in the brains of aged mice. While
previous studies have demonstrated increased frequencies of lymphocytes in the diseased CNS
2, it could not be determined whether these cells were clonally related. Our single-cell sequencing
approach revealed that lymphocyte CNS infiltration was driven by clonally expanded lineages.
Additionally, we were able to profile differences in gene expression between expanded and
unexpanded lymphocytes. Further experiments combining immune repertoire sequencing from
blood and secondary lymphoid organs could answer whether these expanded clones are specific
to the CNS environment or expanded across different physiological compartments. Investigating
whether identical clones would be present in the repertoires across various peripheral organs
within the same aged individual would highlight whether the expansion we observed is a CNS-
specific phenomenon, or if there is a global accumulation of clonally related lymphocytes in
organs typically unassociated with immunity. The discovery of clonally expanded lymphocytes in
the aged CNS suggests that determining their cognate antigens would be important in order to
elucidate which role, if any, they play under homeostatic and disease states. Relating antigen-

specificity information to immune receptor sequence could further inform whether these
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expanded B and T cell clones originate from cross-reactivity, dysregulation of self-tolerance, or
simply past environmental challenges. Along these lines, determining whether environmental
exposure (e.g. diet and hygiene) influences peripheral immune expansion would be of interest for
future work.

Recently clinical data has indicated that therapeutic antibodies have demonstrated clinical value
in treating neurological disorders, such as multiple sclerosis '®*. Investigating whether or not
clonally expanded lymphocytes are impacted by such treatments could be crucial to
understanding and developing disease modifying treatments for neurological disorders for
Alzheimer’s disease, multiple sclerosis or brain cancer. Expanded lymphocytes could represent
a population of clones that persistently interact with their cognate antigen during homeostatic
ageing, and following a disease or infection trigger, such cells may be poised to exacerbate
immunopathology. In this case, the high number of predominantly IgM and IgD B cell clones
might arise in an antigen-activated manner independent of T cell help. Alternatively, previous
reports have demonstrated that an increase in IgD expression coincides with a decrease in IgM

levels in the context of autoimmunity and anergy “>*°

, providing one possible explanation to the
high number of IgD-exclusive B cell clones found in aged CNS. Another hypothesis regarding the
role of clonally expanded CNS lymphocytes arises from a recent study that identified virus-
reactive T cells in the brains of Alzheimer’s patients and even provided an example of a cognate
antigen 2. Future experiments performing a similar validation of clonally expanded B and T cells
against pathogen or autoimmune targets could shed light upon age-associated immune
dysregulation. In conclusion, our findings demonstrated the presence of clonally expanded
lymphocytes in the CNS and furthermore quantitatively describe the immune repertoire and

transcriptome landscape accompanying homeostatic ageing.

Methods

Murine brain cell isolation

Mouse experiments were performed under the guidelines and protocols approved by the Basel-
Stadt cantonal veterinary office (Basel-Stadt Kantonales Veterindramt Tierversuchsbewilligung
#2582). 3-month-old, 12-month-old, and 18-month-old male C57/BI6j mice were purchased
(Janvier Laboratories, France) and were housed under pathogen-free conditions and maintained
on a standard chow diet. Mice were housed for two weeks before sacrifice and brain extraction.
Mice were perfused with cold PBS for 3 minutes following sacrifice and entire brains were
collected in 1mL of RPMI. Brains were subsequently transferred to a new tube containing 1mL
RPMI with Collagenase I/DNAse | (Roche) and cut to smaller pieces. Following 30-minute
incubation at 37°C, each brain was mashed through an individual 70-micron cell strainer into a

50mL falcon tube. For three of the conditions, single-cell suspensions were pooled following

10
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meshing. Following a 30% Percoll gradient, cells were incubated with fluorescently conjugated
antibodies for 30 minutes at 4°C. Antibodies used in the experiment: CD8a-BV421 (Biolegend,
clone 53-6.7), CD4-PE (Biolegend, clone GK1.5), B220-APC (Biolegend, clone RA3-6B2), CD19-
PE-Cy7 (Biolegend, clone 6D5), CD3e-FITC (Biolegend, clone 145-2C11), NK1.1-APC-Cy7
(Biolegend, clone PX136), Ter119-APC-Cy7 (Biolegend, clone TER-119). Multi-parametric flow
cytometric sorting was performed using a FACSAria with FACSDiva software. B cells (TER-119",
NK1.1-, CD19*, B220%), CD4 T cells (TER-119, NK1.1", CD3e*, CD4*) and CD8 T (TER-119,
NK1.1,CD3e", CD8) cells were sorted into separate 1.5mL eppendort tubes and pooled for the

four age cohorts before proceeeding with sequencing library preparation.

Single-cell sequencing libraries

Single cell 10X libraries were constructed from the isolated single cells following the Chromium
Single Cell V(D)J Reagent Kits User Guide (CG000086 Rev M). Briefly, single cells were co-
encapsulated with gel beads (10X Genomics, 1000006) in droplets using 4 lanes of one
Chromium Single Cell A Chip (10X Genomics, 1000009). V(D)J library construction was carried
out using the Chromium Single Cell 5’ Library Kit (10X Genomics, 1000006) and the Chromium
Single Cell V(D)J Enrichment Kit, Mouse B Cell (10X Genomics, 1000072) and Mouse T Cell (10X
Genomics, 1000071). The reverse transcribed cDNA was split in three and GEX, B and T cell
V(D)J libraries were constructed following the instructions from the manufacturer. Final V(D)J
libraries were pooled and sequenced on the lllumina NovaSeq platform (300 cycles, paired-end
reads). Pooled 5’ gene expression libraries were and sequenced on the Illlumina NextSeq 500

(26/91 cycles, paired-end) with a concentration of 1.6 pM with 1% PhiX.

Repertoire analysis

Raw sequencing files arising from multiple lllumina sequencing lanes were merged and supplied
as input to the command line program cellranger (v3.1.0) on a high-performance cluster. Raw
reads were aligned to the germline segments from the GRCm38 reference and subsequently
assigned into clonal families based on identical combinations of CDR3 (CDRH3+CDRL3 for B
cells, CDRB3+CDRa3 for T cells) amino acid sequences. Only those clonal families containing
exactly one heavy chain and one light chain sequence were maintained in the analysis. Isotype
was determined based on the constant region alignment for the majority of cells within each
clonal family. In the case that the variable region alignment was provided but isotype was not
recovered the isotype was labeled as “Undetermined”. Germline gene usage was determined by
cellranger’s vdj alignment to the murine reference. Information involving UMI count, full-length
sequences, germline gene annotations was extracted from the contig files produced by

cellranger’s vdj pipeline. Network analysis was performed using the R package igraph *’. Edit
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distances were calculated using the stringdist package on the pasted CDRH3+CDRL3
sequences (or CDRB+CDRa sequences for T cells) *6. Somatic variations were calculated by first
extracting amino acid and nucleotide sequences of the entire VDJRegion (defined by the region
spanning from framework region 1 on the V segment to framework region 4 on the J segment)
based on initial alignment to the built in murine reference alleles and subsequent
exportAlignments function of MiIXCR v3.0.1 *. The full-length, heavy and light VDJRegion
sequences containing identical cellular barcodes were appended and then the number of clonal
variants was determined by calculating the number of unique amino acid sequences. Somatic
hypermutation was quantified for each heavy and light chain based on the number of nucleotide
substitutions in the V and J regions compared to those germline genes with the highest alignment

scores determined by MiXCR.

RNA-Seq analysis

The output matrices, barcodes, and features files from cellranger (10X Genomics) for each
sample were supplied as input to Seurat using the Read10X function and subsequently converted
into a Seurat object using the function CreateSeuratObject. All BCR and TCR related genes (Ig
V(D)J genes, isotype constant regions, J-chain, TRB V(D)J) were filtered out prior to further
analyses. Data was normalized using a scaling factor of 10000 and variable features were found
using 2000 genes. Cluster resolution was set to 0.5 and the first ten PCR dimensions were used
for neighborhood detection. UMAP was performed again using the first ten PCA dimensions. All
repertoires were proceeded and filtered together. Genes defining clusters were determined
setting the min.pct argument equal to 0.25 using Seurat’s FindMarkers function. For analyses
involving T and B cells found in repertoire sequencing data, only those cells containing identical
nucleotide barcodes sequences were extracted and reanalyzed in the Seurat object. Heatmaps
of cluster defining genes were selected for the top genes ranked by p value after employing the

Bonferroni correction for multiple hypothesis testing.

Acknowledgements: We acknowledge and thank Dr. Christian Beisel, Elodie Burcklen, Ina
Nissan, and Tobias Schéar at the ETH Zurich D-BSSE Genomics Facility Basel for excellent
support and assistance. We also thank Mariangela Di Tacchio and Marie-Didiée Hussherr for
excellent experimental support. Funding: This work was supported by the European Research
Council Starting Grant 679403 (to STR) and ETH Zurich Research Grants (to STR and AO). Author
Contributions: AY and DN performed experiments and analyses. All authors contributed to the
study and manuscript design. Competing Interests: There are no competing interests. Data and
Materials Availability: The raw FASTQ files from deep sequencing that support the findings of

this study will be deposited (following peer-review and publication) in the European

12


https://doi.org/10.1101/2020.05.04.077081
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.04.077081; this version posted May 5, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

Yermanos et al.

Bioinformatics Institute. Additional data that support the findings of this study are available from

the corresponding author upon reasonable request.

13


https://doi.org/10.1101/2020.05.04.077081
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.04.077081; this version posted May 5, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

Yermanos et al.

References

1. Doyle, K. P. et al. B-Lymphocyte-Mediated Delayed Cognitive Impairment following Stroke.
J Neurosci 35, 2133-2145 (2015).

2. Gate, D. et al. Clonally expanded CD8 T cells patrol the cerebrospinal fluid in Alzheimer’s
disease. Nature 577, 399-404 (2020).

3. Leng, J. & Goldstein, D. R. Impact of aging on viral infections. Microbes Infect 12, 1120-
1124 (2010).

4. Siegrist, C.-A. & Aspinall, R. B-cell responses to vaccination at the extremes of age. Nature
Reviews Immunology 9, 185-194 (2009).

5. Chan, Y.-H. & Ng, L. F. P. Age has a role in driving host immunopathological response to
alphavirus infection. Immunology 1562, 545-555 (2017).

6. Britanova, O. V. et al. Age-related decrease in TCR repertoire diversity measured with deep
and normalized sequence profiling. J. Immunol. 192, 2689-2698 (2014).

7. Rodriguez-Zhurbenko, N., Quach, T. D., Hopkins, T. J., Rothstein, T. L. & Hernandez, A. M.
Human B-1 Cells and B-1 Cell Antibodies Change With Advancing Age. Frontiers in
Immunology 10, 483 (2019).

8. Zharhary D. Age-related changes in the capability of the bone marrow to generate B cells. J
Immunol. 141, 1863-1869 (1988).

9. Johnson, S. A. & Cambier, J. C. Ageing, autoimmunity and arthritis: Senescence of the B
cell compartment — implications for humoral immunity. Arthritis Res Ther 6, 131-139 (2004).

10. Decman, V. et al. Defective CD8 T cell responses in aged mice are due to quantitative and
qualitative changes in virus-specific precursors. J Immunol 188, 1933-1941 (2012).

11. Lee, K. et al. Characterization of age-associated exhausted CD8+ T cells defined by
increased expression of Tim-3 and PD-1. Aging Cell 15, 291-300 (2016).

12. Hao, Y., O’Neill, P., Naradikian, M. S., Scholz, J. L. & Cancro, M. P. A B-cell subset
uniquely responsive to innate stimuli accumulates in aged mice. Blood 118, 1294—-1304
(2011).

13. Rubtsov, A. V. et al. Toll-like receptor 7 (TLR7)-driven accumulation of a novel CD11c+ B-
cell population is important for the development of autoimmunity. Blood 118, 1305-1315
(2011).

14. Rubtsova, K., Rubtsov, A. V., van Dyk, L. F., Kappler, J. W. & Marrack, P. T-box
transcription factor T-bet, a key player in a unique type of B-cell activation essential for
effective viral clearance. Proc Natl/ Acad Sci USA 110, E3216-E3224 (2013).

15. Mrdjen, D. et al. High-Dimensional Single-Cell Mapping of Central Nervous System Immune
Cells Reveals Distinct Myeloid Subsets in Health, Aging, and Disease. Immunity 48, 380-
395.e6 (2018).

16. Novak, J. C., Lovett-Racke, A. E. & Racke, M. K. Monoclonal Antibody Therapies and
Neurologic Disorders. Archives of Neurology 65, 1162-1165 (2008).

17. the BIOGEAS Study Group, Bosch, X., Saiz, A. & Ramos-Casals, M. Monoclonal antibody
therapy-associated neurological disorders. Nat Rev Neurol 7, 165-172 (2011).

18. Li, R., Patterson, K. R. & Bar-Or, A. Reassessing B cell contributions in multiple sclerosis.
Nat Immunol 19, 696-707 (2018).

19. Bar-Or, A. et al. Rituximab in relapsing-remitting multiple sclerosis: A 72-week, open-label,
phase | trial. Annals of Neurology 63, 395-400 (2008).

20. Hauser, S. L., Arnold, D. L., Fox, R. J., Sarkar, N. & Smith, C. H. B-Cell Depletion with
Rituximab in Relapsing—Remitting Multiple Sclerosis. n engl j med 13 (2008).

21. Bour-Jordan, H. & Bluestone, J. A. B cell depletion: a novel therapy for autoimmune
diabetes? J Clin Invest 117, 3642-3645 (2007).

22. HOYER, B. F., MANZ, R. A., RADBRUCH, A. & HIEPE, F. Long-Lived Plasma Cells and
Their Contribution to Autoimmunity. Annals of the New York Academy of Sciences 1050,
124-133 (2005).

23. Martin, F. & Chan, A. C. B CELL IMMUNOBIOLOGY IN DISEASE: Evolving Concepts from
the Clinic. Annual Review of Immunology 24, 467-496 (2006).

14


https://doi.org/10.1101/2020.05.04.077081
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.04.077081; this version posted May 5, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

Yermanos et al.

24. Ritzel, R. M. et al. Age-Associated Resident Memory CD8 T Cells in the Central Nervous
System Are Primed To Potentiate Inflammation after Ischemic Brain Injury. J Immunol 196,
3318-3330 (2016).

25. Smolders, J. et al. Tissue-resident memory T cells populate the human brain. Nature
Communications 9, 4593 (2018).

26. Beghi, E. & Giussani, G. Aging and the Epidemiology of Epilepsy. Neuroepidemiology 51,
216-223 (2018).

27. Kowalska, M. et al. Aging and Neurological Diseases. in Senescence - Physiology or
Pathology (eds. Dorszewska, J. & Kozubski, W.) (InTech, 2017).
doi:10.5772/intechopen.69499.

28. Feigin, V. L. et al. Global, regional, and national burden of neurological disorders, 1990-
2016: a systematic analysis for the Global Burden of Disease Study 2016. The Lancet
Neurology 18, 459-480 (2019).

29. Miho, E. et al. Computational Strategies for Dissecting the High-Dimensional Complexity of
Adaptive Immune Repertoires. Frontiers in Immunology 9, 224 (2018).

30. Yermanos, A. D., Dounas, A. K., Stadler, T., Oxenius, A. & Reddy, S. T. Tracing Antibody
Repertoire Evolution by Systems Phylogeny. Frontiers in Immunology 9, 2149 (2018).

31. Georgiou, G. et al. The promise and challenge of high-throughput sequencing of the
antibody repertoire. Nat Biotech 32, 158-168 (2014).

32. Greiff, V. et al. Systems Analysis Reveals High Genetic and Antigen-Driven
Predetermination of Antibody Repertoires throughout B Cell Development. Cell Reports 19,
1467-1478 (2017).

33. Krautler, N. J. et al. Quantitative and Qualitative Analysis of Humoral Immunity Reveals
Continued and Personalized Evolution in Chronic Viral Infection. Cell Reports 30, 997-
1012.e6 (2020).

34. Hsu, M. et al. TCR sequencing can identify and track glioma-infiltrating T cells after DC
vaccination. Cancer Immunol Res canimm.0240.2015 (2016) doi:10.1158/2326-6066.CIR-
15-0240.

35. Reuben, A. et al. Comprehensive T cell repertoire characterization of non-small cell lung
cancer. Nat Commun 11, 603 (2020).

36. Horns, F., Dekker, C. L. & Quake, S. R. Memory B Cell Activation, Broad Anti-influenza
Antibodies, and Bystander Activation Revealed by Single-Cell Transcriptomics. Cell Reports
30, 905-913.e6 (2020).

37. Spindler, M. J. et al. Massively parallel interrogation and mining of natively paired human
TCRap repertoires. Nat Biotechnol (2020) doi:10.1038/s41587-020-0438-y.

38. Glanville, J. et al. Identifying specificity groups in the T cell receptor repertoire. Nature 547,
94-98 (2017).

39. Huang, H., Wang, C., Rubelt, F., Scriba, T. J. & Davis, M. M. Analyzing the Mycobacterium
tuberculosis immune response by T-cell receptor clustering with GLIPH2 and genome-wide
antigen screening. Nat Biotechnol (2020) doi:10.1038/s41587-020-0505-4.

40. Dash, P. et al. Quantifiable predictive features define epitope-specific T cell receptor
repertoires. Nature 547, 89-93 (2017).

41. Singh, M. et al. High-throughput targeted long-read single cell sequencing reveals the
clonal and transcriptional landscape of lymphocytes. Nat Commun 10, 3120 (2019).

42. Saikia, M. et al. Simultaneous multiplexed amplicon sequencing and transcriptome profiling
in single cells. Nat Methods 16, 59-62 (2019).

43. Briney, B., Inderbitzin, A., Joyce, C. & Burton, D. R. Commonality despite exceptional
diversity in the baseline human antibody repertoire. Nature 566, 393-397 (2019).

44. Bornsen, L. et al. Effect of Natalizumab on Circulating CD4+ T-Cells in Multiple Sclerosis.
PLOS ONE 7, e47578 (2012).

45. Gutzeit, C., Chen, K. & Cerutti, A. The enigmatic function of IgD: some answers at last. Eur.
J. Immunol. 48, 1101-1113 (2018).

46. Noviski, M. et al. IgM and IgD B cell receptors differentially respond to endogenous
antigens and control B cell fate. eLife 7, €35074 (2018).

15


https://doi.org/10.1101/2020.05.04.077081
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.04.077081; this version posted May 5, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

Yermanos et al.

47. Csardi, G. & Nepusz, T. The igraph software package for complex network research.
InterJournal 1695 (2006).

48. Loo, M. P. J. van der. The stringdist package for approximate string matching. The R
Journal 6, 111-122 (2014).

49. Bolotin, D. A. et al. MiXCR: software for comprehensive adaptive immunity profiling. Nat
Meth 12, 380-381 (2015).

16


https://doi.org/10.1101/2020.05.04.077081
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.04.077081; this version posted May 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

Figures

(2}
4]
b=
o]
I
9]
a
©
o
i
L
9]
>
9]
o
9]
14

1000 -

800 A

600 A

400

200 4

Mitochondrial genes per cell (%)

7

Cell cells V(D)J repertoire Transcriptome
isolation from 105,FE| T V DJ C Cells —»>
brain tissue g1 T
18n1'1 O 4o
n= 01 o [rens
9 L)
/ 010° 10¢ 10°
CD8a
C D
30000
4000
3 3
~ 3000 < 20000
g g
Qo
0 @2
o 2000 5
8 8 10000
1000
0L § § i 0
3 S ) 3 NN )
Q00 QOO QOO \OQ QO0 Qo0 Q00 \o°
O N PN PN PN
RO IR \%& KONGRS
F
300 T cells B cells
8
>
o
5 5 200
[&]
=
0 g
=
g 100
5 g I
c
=]
0 0
> I I @ S & O ° S & S
& &Qo &Qo o %&Qw“Q%@Q é\q}o %“‘Qm@Q%’\“Q éﬁo
O 2 \Q,é‘ AR N

5

2

&

B220

B cells
10°
S 104

I
2 100
0

cD19
105“?7

10*
010% 10*[10°
CD3e
T

10%

"6'10° 104 10° l::

Yermanos et al.

Pooling of isolated B and T cells
e @ &3 =0f

Barcoding and library preparation
(Yo od DDA

wo¥; N

b w S oy,

N

Figure 1. Single-cell sequencing recovers repertoire and gene expression information of B and T

cells from the aged murine central nervous system. (A) Experimental overview of isolation of B and T

cells from entire murine brains. (B) Number of recovered cell barcodes following Single-cell sequencing of

gene expression libraries for each of the experimental cohorts. (C) Unique genes detect per cell for each

of the experimental cohorts. (D) Total number of RNA molecules detected within each cell. (E) Percentage

of mitochondrial genes for each cell. (F) Number of unique clones from V(D)J sequencing library for each

of the experimental cohorts. Clone is defined as identical, paired amino acid CDR3 sequences

(CDRpB3+CDRa3 for T cells, CDRH3+CDRLS3 for B cells) with exactly one heavy chain and one light chain.
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Figure 2. Clonally expanded B and T cells in the aged CNS. (A-B) The number of recovered cells

corresponding to the top 40 most expanded clones for B and T cell repertoires, respectively. Clone is

defined as identical, paired amino acid CDR3 sequences (CDRB3+CDRa3 for T cells, CDORH3+CDRLS3 for

B cells) with exactly one heavy chain and one light chain. Clone index corresponds to the clonal rank

determined by frequency.
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Figure 3. B cells in the CNS are primarily of the IgM isotype with minor somatic hypermutation. (A)

Percentage of unique clones with a given BCR. For those clones with multiple cells, the majority isotype

was selected. (B) Isotype distribution for those expanded (>1 cell barcode) B cell clones. (C) Number of

clones with exclusively IgD BCR transcripts. (D) Tukey box-plot displaying the number of unique molecular

identifiers (UMI) per those clones with reads mapping exclusively to the IgD isotype. Horizontal line within

the box indicates the median and dot above. (E) The number of somatic variants per expanded B cell clone.

Variant is defined as unique, combined Vi + V. amino acid sequence. (F) The mean number of nucleotide

somatic hypermutations (SHMs) per B cell clone in the full-length V and J regions across both heavy (HC)

and light chain (LC). (G) The mean number of nucleotide substitutions per B cell clone detected on either

the HC or light chain LC. Both HC and LC sequences correspond to full-length V and J regions.
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Figure 4. Minor clonal convergence between CNS immune repertoires. (A) Heatmap depicting clonal
overlap between repertoires. Clonal overlap is defined as the number of identical amino acid CDR3
sequences shared between repertoires. BCR and TCR overlap corresponds to the paired CDRH3+CDRLS3
/ CDRpB3+CDRa3 amino acid sequence. (B-C) Similarity networks depicting clonal relatedness and
expansion between T cell and B cell repertoires, respectively. Size of nodes corresponds to relative clonal
expansion. Color of node corresponds to experimental cohort. Edges between nodes indicate two clones
(paired CDRH3+CDRL3 / CDRB3+CDRa3 amino acid sequence) that are separated by four or less amino
acid mutations. Lower panel highlights those clones containing edges, whereas upper panel depicts all

clones. (D) Percent of unique clones using each V gene for each experimental cohort.
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Figure 5. Gene expression libraries reveal transcriptional similarities between young and old CNS.
(A) Unsupervised clustering and uniform manifold approximation projection (UMAP) reveals distinct
transcriptional clusters in the CNS. Each dot represents a cell recovered in the gene expression library.
Colors correspond to transcriptional cluster membership. (B) The number and percent of cells found within
each cluster for each of the experimental cohorts. (C) Expression for CD19, CD3e, CD8a, and CD4 for all
cells recovered in the gene expression libraries. Intensity corresponds to normalized expression. Each dot
represents a cell. (D) Heatmap displaying clustering-defining genes for the 11 clusters. Cells were randomly
sampled from within each cluster proportional to cluster’s total number of cells. Intensity corresponds to

normalized gene expression.
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Figure 6. Transcriptional signatures of clonally expanded lymphocytes. (A) Unsupervised clustering
and uniform manifold approximation projection (UMAP) was performed separately on either B or T cells
that were also detected in V(D)J libraries. Each dot represents a single cell. Color corresponds to
transcriptional cluster specific to T or B cell analysis. (B) The percent of T (top) or B (bottom) cells found
within each cluster for each of the experimental cohorts. Clusters were determined using either only T cells
or only B cells found in V(D)J libraries. (C) Heatmap displaying clustering-defining genes for T and B cell
clusters. Clusters were calculated separately for B cells and T cells. Cells were randomly sampled from
within each cluster proportional to cluster’s total number of cells. Intensity corresponds to normalized gene
expression. (D) Normalized gene expression of for T cells for selected genes. (E) Normalized gene

expression of for B cells for selected genes.
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Figure 7. Clonally expanded lymphocytes have distinct transcriptional profiles. (A) Location and
cluster membership of expanded B and T cells. Expanded B and T cells were defined by those clones
containing at least 2 distinct cell barcodes. Clone is defined as identical, paired amino acid CDR3
sequences (CDRB3+CDRa3 for T cells, CDRH3+CDRLS3 for B cells) with exactly one heavy chain and one
light chain. (B) Cluster membership of clonally expanded T and B cells in V(D)J libraries. Clonally expanded
T and B cells correspond to those clones (identical, paired CDR3 amino acid sequence) containing two or
more distinct cell barcodes. (C) CD4 and CD8a expression for those clones supported by a single cell or
those expanded clones (more than 1 cell). (D-E) Heatmap of top differentially expressed genes between T
cell (D) and B cell (E) clones with either one cell or clonally expanded. Gene order corresponds to adjusted
p value. All genes displayed correspond to multiple hypothesis corrected p values less than 0.01. Heatmap

intensity depicts normalized gene expression.
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Figure S1. Relaxing clonotype definition minorly impacts clonal diversity. The number of clones for B
and T cells are depicted after clustering those clones utilizing similar variable germline genes and

containing identical CDR3 lengths (for both chains).
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Figure S2. Transcriptional profiles of lymphocytes detected in V(D)J sequencing libraries. (A) Cells
found in both gene expression and V(D)J sequencing libraries were highlighted on the uniform manifold
approximation projection (UMAP) previously calculated using all recovered cells from gene expression
libraries. Only those barcodes containing paired, full-length immune receptor information were highlighted.
(B-C) Heatmap of the top 10 variable genes in each cluster for T and B cells found in V(D)J libraries,
respectively. Intensity corresponds to normalized gene expression and row color indicates cluster

membership.
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Figure S3. Expression levels of genes relevant to T and B cell function. (A-B) Normalized expression

levels of select genes for T (A) and B (B) cells found in V(D)J libraries.
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Figure S4. Minor transcriptional differences between CNS clonally expanded lymphocytes in young
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and old mice. (A-B) Heatmap of the top differentially expressed genes between expanded and

unexpanded lymphocytes are ranked by adjusted p value. Intensity depicts normalized gene expression.

(C) Heatmap of the top differentially expressed genes after comparing expanded T (left) and B (right) cells

in 3-month-old cohort versus the three elderly cohorts. Intensity depicts normalized gene expression.
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