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IMMUNOLOGY

Somatic mutations associate with clonal expansion of

CD8* T cells
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Somatic mutations in T cells can cause cancer but also have implications forimmunological diseases and cell ther-
apies. The mutation spectrum in nonmalignant T cells is unclear. Here, we examined somatic mutations in CD4"
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and CD8™ T cells from 90 patients with hematological and immunological disorders and used T cell receptor (TCR)
and single-cell sequencing to link mutations with T cell expansions and phenotypes. CD8™ cells had a higher mu-
tation burden than CD4" cells. Notably, the biggest variant allele frequency (VAF) of non-synonymous variants
was higher than synonymous variants in CD8" T cells, indicating non-random occurrence. The non-synonymous
VAF in CD8 T cells strongly correlated with the TCR frequency, but not age. We identified mutations in pathways
essential for T cell function and often affected lymphoid neoplasia. Single-cell sequencing revealed cytotoxic Temra
phenotypes of mutated T cells. Our findings suggest that somatic mutations contribute to CD8* T cell expansions

without malignant transformation.

INTRODUCTION

While somatic mutations are essential to malignant transformation,
their role in nonmalignant cells and phenotypes is increasingly rec-
ognized (I, 2). In addition to clock-like mutagenesis generating mu-
tations in all cells during aging (3, 4), other endo- and exogenous
mutagenic processes shape the somatic mutation landscape through-
out our lifetimes (5). Different tissues and cell types have varying
mutational burden and spectrum of mutated genes. One example of
a tissue-specific mutation landscape is clonal hematopoiesis (CH),
where myeloid driver gene mutations accumulate in aging hemato-
poietic stem cells (6-8).

Somatic mutations in T cells can be derived from hematopoietic
stem or progenitor cells (9) (central CH) or occur in mature T cells
after T cell receptor (TCR) rearrangement (peripheral CH) (10).
Rapid proliferation of T cells follows their activation through antigen-
specific TCR. In addition to enhanced mitotic rate (3, 4), inflamma-
tion can accelerate the generation and expansion of mutated cells,
possibly explained by reactive oxygen species (11), and inflammatory
cytokines (12-14). Somatic mutations can affect T cell function with
clinical consequences: secondary genetic alterations in chimeric anti-
gen receptor (CAR) T cells have been suggested to improve immune
cell therapy outcomes (15-18). In addition, somatic mutations in
T cells have been linked with aberrant immune responses in large
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granular lymphocyte (LGL) leukemia, which is characterized by so-
matic STAT3 mutations in expanded cytotoxic T cells and autoim-
munity (19).

In other immune-mediated hematological diseases than LGL
leukemia, the somatic mutation spectrum in T cells is not yet fully
discovered. Somatic mutations in T cells have been reported in pa-
tients with immunodeficiency (20), chronic graft-versus-host dis-
ease (cGVHD) (21), and various autoimmune conditions (22-30).
In some patients, somatic mutations occurred in expanded T cell
clones that were shown to induce apoptosis of target cells or mir-
rored the clinical course of auto- or alloimmune disorder (21, 30).

To investigate the spectrum of somatic mutations in T cells and
their association with T cell clonality, we designed a custom-made
gene panel consisting of 2533 genes related to immunity, cell prolif-
eration, and survival. With gene panel sequencing, we characterized
somatic mutations in 197 sorted T cell samples from 90 patients
with various hematological disorders and compared them with the
clonal structure of T cells defined by TCRp deep sequencing. In ad-
dition, we analyzed 42 T cell samples from 21 age-matched healthy
donors with the same gene panel. Last, we performed paired single-
cell transcriptome and TCRaf} sequencing to investigate phenotypes
of T cell clones with somatic mutations. The study outline is pre-
sented in Fig. 1A.

RESULTS

CD8™ T cells from patients with hematological diseases
harbor a higher number of somatic mutations than

CD4™ T cells

We performed immunogene panel sequencing of sorted CD8" and
CD4" populations from altogether 197 samples from patients with
c¢GVHD (n = 38), aplastic anemia (AA; n = 18) (30), myelodysplas-
tic syndrome (MDS; n = 15), immunodeficiency (n = 17) (20), and
immune thrombocytopenia (ITP; n = 2) (table S1). The mean se-
quencing depth was 389X (fig. S1, B to E). Variants were filtered for
variant allele frequency (VAF) and other parameters described in
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Fig. 1. Lineage-specific somatic mutations in CD4* and CD8* T cells. (A) Study outline. We sequenced DNA from flow- or bead-sorted CD4* or CD8* T cells, with a gene
panel consisting of 2533 genes related to cell survival or immunity (immunogene panel). From the same samples, we analyzed the clonal structure of T cells with TCRp
sequencing. Last, we combined the variant analysis of T cell phenotype with genotyping of single-cell transcriptome data. The schematic has been created with BioRender.com.
(B) Lineage-specific mutation burden (number of variants per megabase) in CD4™ and CD8™ T cells of hematological patients. P value has been calculated with the Mann-
Whitney test. (C) The highest non-synonymous and synonymous lineage-specific variant allele frequencies (VAFs) per sample in CD4* and CD8" T cells of hematological
patients. P values have been calculated with the Mann-Whitney test. (D) Global estimates of dN/dS ratio for somatic mutations in T cells of hematological patients. dN/dS
ratio > 1 (marked with a dashed line) indicates positive selection. Global dN/dS for all non-synonymous substitutions with their associated confidence intervals are shown
separately for CD8" T cells, CD4™ T cells, and both. (E) Mutational signature analysis of T cell mutations in hematological patients. The pie plot shows the weights for each
identified signature.
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detail in Supplementary Materials and Methods, and only somatic
variants with high confidence were included in the analysis. Togeth-
er, we found 923 lineage-specific and 34 ancestral mutations, with
mean VAF of 4.3% (1.0 to 28.9%) and 9.6% (2.3 to 28.7%), respec-
tively (tables S2 and $3). CD8"-specific mutations were identified in
97% (87 of 90) and CD4+—speciﬁc mutations in 84% (76 of 90) of
patients, with an average of 5.6 (CD8%) and 3.6 (CD4") mutations
per patient (fig. S2A). Mutational burden was significantly higher in
CD8" T cells, when compared to CD4" T cells (Mann-Whitney test,
P =4.1 X 107% Fig. 1B). The same trend was detected in all cohorts
when patients with different diagnoses were analyzed separately
(fig. S2B). The sequencing depth did not explain the difference in
mutational burden between CD8" and CD4" T cells (fig. S1, F and
G). Between cohorts, there were no statistically significant differ-
ences in mutation burden, although it was slightly lower in the
CD8" T cells of patients with immunodeficiency (fig. S2, C and D).
The mean VAF of all mutations was 4.3% and there was no signifi-
cant difference between CD4* and CD8" VAFs if all variants were
included in the analysis (Mann-Whitney test, P = 0.48; fig. S3A).
However, when comparing the biggest non-synonymous or synony-
mous VAF per sample, CD8" T cells had significantly higher non-
synonymous VAF when compared to synonymous VAF in CD8*
T cells or non-synonymous VAF in CD4" T cells (P = 0.003 and
P = 0.025, respectively, Mann-Whitney test; Fig. 1C), suggesting
that protein-coding mutations may drive clonal proliferation in
CDS8" T cells. Furthermore, while the non-synonymous to synony-
mous ratio (dAN/dS) was 1.11 for all T cell mutations indicating pos-
itive selection [confidence interval (CI) 0.94 to 1.30], it was higher
in CD8" T cells (dN/dS 1.18, CI 0.96 to 1.44) than CD4" T cells
(dN/dS 1.06, CI 0.83 to 1.24; Fig. 1D), although these results were
not statistically significant due to low number of variants.

Most somatic mutations were missense variants (fig. S3B). Muta-
tional signature analysis indicated that somatic mutations in T cells
are mainly derived from endogenous mutational processes: clock-like
signature SBS1 and defective DNA mismatch repair-associated sig-
nature SBS15 explained most lineage-specific mutations (Fig. 1E) and
T cell mutations in different patient groups (fig. S3C). SBS1 results
from spontaneous deamination of thymine, resulting in C > T transi-
tions (31). In addition, we detected the signature SBS39, which has an
unknown etiology. In CD8" T cells alone, two additional defective
DNA mismatch repair-associated signatures (SBS6 and SBS26) were
detected (fig. S3D).

We also analyzed lineage-specific copy number variants (CNVs)
in CD4" and CD8" T cells in regions targeted by the sequencing
panel. After filtering spurious CNV calls (described in Supplemen-
tary Materials and Methods), we detected 13 lineage-specific CNVs
in 9 of 90 (10%) of the patients (fig. S4A; list of CNVs in table S4).
Most CNVs were detected in CD8* samples, while four CNVs were
detected in CD4" samples. Chromosomal regions that were recur-
rently affected by CNVs included ATM and inflammasome genes
(fig. S4B). CNVs were associated with higher lineage-specific so-
matic mutation burden in CD8* T cells (P = 0.0061, Mann-Whitney
test; fig. S4C), but not with age or TCRp clonotype size (P = 0.54 and
P =0.079, Mann-Whitney test; fig. S4, D and E).

Comparison to healthy donor T cell mutations

In the original analysis, we used healthy donor T cells (n = 21, num-
ber of samples 42) in the somatic variant filtering [panel of normals
(PON); see Materials and Methods], biasing the results toward
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alterations that are absent in healthy donor T cells. To enable com-
parison between patients with hematological diseases and age-
matched healthy donors, we repeated the variant filtering with an
alternative PON formed from all samples, including the patient
samples (see Supplementary Materials and Methods for details; list
of all refiltered somatic variants in table S5). As in patients, healthy
donor CD8™ T cells had larger TCRB clones than healthy CD4™ cells
(P = 1.4 X 107°, Mann-Whitney test; fig. S5, A and B). However, in
healthy donors, the somatic variant burden was similar in CD4* and
CD8" T cells (P = 0.52, Mann-Whitney test; fig. S5C). The mutation
burden of healthy donor CD8" T cells was significantly lower than in
patients with GVHD, AA, MDS, or ITP, but not different from pa-
tients with immunodeficiency (P < 0.05 for GVHD, AA, MDS, and
ITP, P = 0.64 for immunodeficiency, Mann Whitney test with
Benjamin-Hochberg adjustment for multiple comparisons; fig. S5D).
Only three ancestral variants were found in healthy donors. While
the difference between the highest non-synonymous and synony-
mous VAF in CD8" T cells was validated in patient samples with al-
ternative PON (P = 0.0081, Mann-Whitney test), this was not
observed in healthy CD8" T cells (P = 0.56, Mann-Whitney test;
fig. S5E). Five healthy donors with CD4" mutations showed higher
maximum non-synonymous VAF in comparison with synonymous
VAF in CD4* T cells (P = 0.016), which was not seen in patients
(fig. SSE). Like in patient T cells, most of the T cell variants in healthy
donors were explained by SBS1 and SBS15 in the mutational signa-
ture analysis (fig. S5F). Sequencing coverage was similar in healthy
donor CD4* and CD8* T cells (median coverage 437x in CD4" and
423% in CD8" samples, P = 0.52, Mann-Whitney test; fig. S5G).

Variant allele frequency of non-synonymous mutations
associates with clonal T cell expansion in CD8* T cells

We performed TCRp deep sequencing to integrate T cell clonal
structures with somatic mutations in 135 patient samples (table S6).
The size of the largest TCRP expansion was associated with the high-
est VAF of non-synonymous lineage-specific mutations in CD8"
T cells (Pearson’s R = 0.73, P = 2 x 10"!) but not in CD4* T cells
(Pearson’s P = 0.1; Fig. 2A and fig. S6A).

In a multivariate linear regression model, the highest non-
synonymous VAF was the only significant factor associated with
TCRP expansion size in CD8" T cells, when the highest synonymous
VAF, mutation burden, age, and cohort were taken into account [odds
ratio (OR) 3.71, 95% CI 2.45 to 5.61; Fig. 2B and fig. S6, B and C]. As
indicated in the multivariate analysis, age was not associated with the
largest TCRP frequency in CD8™ T cells (Pearsons R = 0.11, P = 0.35;
Fig. 2C). However, age had a weak correlation with somatic mutation
burden in CD8" T cells but not in CD4" T cells (Pearson’s R = 0.33,
P =0.0011; for CD4™ T cells, P = 0.1; Fig. 2D). When comparing the
highest non-synonymous VAF with four largest TCRp clonotype fre-
quencies in CD8" samples (see Materials and Methods), we could
identify a matching TCRp for 41% of patients (Fig. 2E). Twenty of 21
VAFs were matched with the largest TCRP and one with the second
largest TCRP. When analyzing the antigen specificity of VAF-matching
TCRs with antigen prediction tool TCRGP (32) as well as hard-
matching CDR3s to the VDJdb database (33), two mutated TCRp
clones were found to be specific for CMV epitopes (table S7).

Mutations in pathways important for T cell function
We performed pathway enrichment analysis from all lineage-specific
mutations with Oncodrive-fm (34). We identified several significantly
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Fig. 2. Variant and TCR associations in hematological patient samples. (A) The size of the largest TCR expansion (x axis) and the highest non-synonymous VAF (y axis)
in CD4" and CD8™ T cells. P value and correlation coefficient have been calculated with Pearson’s test. (B) A multivariate general linear model was used to study associa-
tions of age and mutations to the largest TCRB expansion size. Odds ratios with their associated 95% confidence intervals are shown for each variable included in the
model [mutation burden (number of variants per megabase), the highest non-synonymous and synonymous VAF, diagnosis (GVHD, AA, MDS, ITP, and immunodeficiency),
and age at sampling]. (C) Age at sampling and the largest TCRp frequency in CD8* T cells. P value and correlation coefficient have been calculated with Pearson’s test.
(D) Age at sampling and lineage-specific mutation burden (number of variants per megabase) in CD8* and CD4* T cells. P value and correlation coefficient have been
calculated with Pearson’s test. (E) Comparison of the highest non-synonymous VAF with the top four largest TCRp clonotype frequencies (top 2 clonotype frequencies are
shown). We assumed the mutations to be heterozygous meaning that the size of the matching TCRB clone would be double the VAF % (y ~ 0.5x). Variants matching with
multiple TCRP clonotypes have been marked with purple dots. Dotted lines representing y = x and y = 0.5 have been added to the plots for reference.

mutated pathways related to T cell activation: T cell costimulation
(g = 0.019), positive regulation of mitogen-activated protein (MAP)
kinase activity (g = 0.019), and closely associated positive regula-
tion of extracellular signal-regulated kinase 1 (ERK1) and ERK2
cascade (g = 0.030). In addition, interleukin-7 (IL-7)-mediated sig-
naling pathway (q = 0.0014) and negative regulation of cell growth
(g = 0.00074) were significantly mutated in T cells. Mutated genes
linked to these five pathways are presented in Fig. 3A and fig. S7A.
Mutations in genes related to T cell costimulation included mis-
sense variants in CSK, LCK, DPP4, SRC, PTPN6, PTPN11, SPN, and
TNFRSF13C, as well as a splicing variant in PDCDILG2 gene (Fig. 3A
and fig. S7A). CSK, LCK, DPP4, and PTPN6 were each mutated in
multiple patients. The same DPP4 missense mutation (p.V635I,

Lundgren et al., Sci. Adv. 10, eadj0787 (2024) 7 June 2024

COSM329327) was detected in the CD8" T cells of two patients with
c¢GVHD (VAFs 3.0 and 5.2%). PTPN11 p.V432M mutation had the
highest VAF (7.8% in CD8™ T cells) and the same mutation has been
found in various cancer types (COSMIC ID: COSM546362). T cell
costimulation pathway was significantly mutated also in CD8"
T cells alone (Fig. 3A).

MAP kinase and ERK1/ERK2 pathways are among the major
pathways transmitting TCR activation signals. Genes on positive reg-
ulation of MAP kinase activity pathway included 28 non-synonymous
variants in 17 patients, with five recurrently mutated genes (genes
mutated in multiple patients): KRAS, CSK, SRC, NOX4, and FGFI18
(Fig. 3A and fig. S7A). The highest VAFs were detected in LRRK2
(10% in CD8), TFGBI (9.4% in CD4), NOX4 (9.0% in CD4), and
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KRAS (VAFs 3.0 to 7.8% in CD8 in two different patients, COSMIC
IDs: COSM87288 and COSM19905; table S2). Positive regulation of
ERK1 and ERK2 cascade was partially overlapping with T cell costim-
ulation and MAPK pathway, without additional recurrently mutated
genes (fig. S7A). It was significantly mutated also in CD4" T cells
alone (Fig. 3A).

IL-7-mediated signaling pathway genes were mutated in 20 pa-
tients (Fig. 3A and fig. S7A). Among these pathway genes, STAT5B
mutations included one SH2 domain mutation (p.T628S) as well as
one missense mutation (p.418 K) in the signal transducers and acti-
vators of transcription (STAT) binding domain, both in the CDh4*
T cells of patients with immunodeficiency with 3.1% VAF (table S2).
Both patients had their highest TCRp frequency in CD4" T cells at
<1% (table S6), suggesting that mutations have emerged before TCR
rearrangement (central CH). Two JAK3 mutations were detected
in our study: one in CD4* (VAF 2.1%) and another one in CD8"
T cells (VAF 3.5%). Ten patients harbored mutations in the negative
regulation of cell growth pathway genes (Fig. 3A and fig. S7A). TP53
was the only recurrently mutated gene and except for TGFBI, all
VAFs were below 5% (table S2).

We performed the Bradley-Terry model to study the clonal dom-
inance of selected significantly mutated pathways (fig. S7, B and C).
The results were strongly affected by the mutation load of each path-
way, with the ERK1/ERK2 pathway first and the negative regulation
of the cell growth pathway last (fig. S7B). This was in line with the
observation that in most samples, only one of the studied pathways
was mutated. Focusing only on co-occurring mutations and their
relative orders, T cell costimulation was the first pathway to mutate
in CD8" but not in CD4" T cells (fig. S7C). However, this result was
not statistically significant due to the low number of samples with
co-occurring mutations.

Putative lymphoid driver mutations in CD4* or CD8™ T cells
We identified 78 T cell lineage-specific mutations in previously de-
scribed lymphoid driver genes (35, 36) in 43 of 90 (47.7%) patients
(Fig. 3B). We identified several mutations in pathways involved in
the pathogenesis of T cell neoplasia, including NOTCH]1 signaling
(NOTCHI), Ras signaling (KRAS, NRAS, and PTPN11), Janus ki-
nase (JAK)-STAT signaling (STAT3, STAT5B, JAK3, JAK2, PTPN2,
PTPNG6, and SH2B3), epigenetic regulation (EP300, KDM6A, CREBBP,
INO80, KMT2D, and SMARCA4), transcription factors (BCLIIB,
BCL6, MED12, and RUNX1), and PI3K pathway (PIK3CD).

None of the three identified NOTCHI mutations were in the
hotspot region while all mutations in KRAS, NRAS, and PTPN11 (Ras
signaling pathway) have been previously reported in cancer (COS-
MICIDs: COSM19905, COSM87288, COSM573,and COSM546362).
NRAS mutation was detected in CD4" T cells of patient AA-2 with
4.6% VAE

Both STAT3 mutations were in the SH2 domain hotspot (p.Y640F)
and found in CD8" T cells of patients with AA with high VAFs
(17.7 and 23.2%), as reported previously (29, 30). A JAK2 hotspot
mutation V617F (VAF 1.8%) was identified in CD4" T cells in pa-
tient ID-10 whose biggest CD4" TCR clonotype was 0.2% (tables S2
and S6), not consistent with the VAE. With manual inspection, three
variant reads were also detected in CD8" T cells (VAF 0.5%), pointing
toward central CH. Four distinct missense mutations in CD8* T cells
were identified in PTPN2 (VAF 5.8%), PTPN6 (VAFs 3.6 to 4.2%),
and SH2B3 (VAF 4.0%) genes, which are regulators of JAK-STAT
signaling.
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From genes related to epigenetic regulation, EP300 was the most
frequently mutated (Fig. 3B). Four distinct EP300 missense muta-
tions were detected in the CD4™ T cells of patients with AA, MDS,
and cGVHD, VAFs varying from 1.0 to 6.3%. We had TCRp se-
quencing data available from two patients with cGVHD with EP300
mutations: in GVHD-37 (VAF 6.3%), the highest TCRp expansion
in CD4" was 2.3%, and in cGVHD-30 (VAF 2.4%), there was a large
(18.8%) TCRP expansion in CDA™ T cells (tables S2 and S6). In any
of the patients with EP300 mutations, no variant reads were detected
in the CD8" compartment even with manual inspection. One of the
detected EP300 mutations (p.L415P) has been shown to be recur-
rently mutated in hematological malignancies, including follicular
and diffuse large B cell lymphoma as well as B-ALL (COSM221269).
In addition to EP300, epigenetic regulator genes INO80, KDM6A,
and KMT2D were recurrently mutated.

Mutated transcription factors with putative lymphoid driver mu-
tations included BCL11B, BCL6, MED12, and RUNXI. None of the
genes were recurrently mutated in our cohort, and the largest VAF
was in RUNX1 (VAF 2.4% in the CD8" T cells of patients with
MDS). In the patient with RUNXI mutation (MDS-1), no variant
reads were detected in CD4" T cells, and the largest TCRB expan-
sion in CD8" T cells was 5.8% (tables S2 and S6).

In summary, putative driver mutations were detected in T cells,
including several genes and pathways that are recurrently mutated
in lymphoid neoplasia. The somatic mutation profile in non-
malignant T cells was still different from T cell malignancies: We
did not identify any loss-of-function CDKN2A/B or ATM muta-
tions, which are among the most frequently mutated tumor sup-
pressor genes in T-ALL (37) and T-prolymphocytic leukemia
(T-PLL) (38).

Ancestral mutations

Because CH mutations have been shown to pass on to lymphocytes
(39), we sought to identify central CH mutations in T cells. We ini-
tially deducted that mutations derived from HSCs should be detected
in both CD4" and CD8 T cells (ancestral mutations) if emerged
before lineage differentiation. We found altogether 34 ancestral mu-
tations in T cells in 19 patients (Fig. 3, C and D, and table S3). Only
two genes were shown to have recurrent mutations: DNMT3A
(three mutations in three patients) and TET2 (three mutations in
two patients) (Fig. 3D), which are the most mutated CH genes in a
healthy population (40). Other CH-associated genes with ancestral
mutations in T cells included ASXLI (splice-site mutation) and
SMCI1A (p.H307Q; Fig. 3D and table S3). In addition, we detected a
frameshift deletion in TNFAIP3, which is a known driver gene in
lymphoid malignancies (41) (VAF 2.8 and 9.2% in CD8" and CD4*
T cells, respectively). There was no difference in age between pa-
tients with or without ancestral mutations in T cells (P = 0.25,
Mann-Whitney test; Fig. 3E).

With our analysis strategy, we also identified lineage-specific
mutations in DNMT3A and TET2 (both in three patients’ CD4* or
CD8" cells; table S2). Mutations included both known hotspots
(p.R882H and Y735C in DNMT3A; p.H3180Y and a nonsense mu-
tation in TET2) as well as previously unidentified missense muta-
tions (table S2). VAFs varied from 1.3 to 4.2%. From two of three
TET2 and one of three DNMT3A mutations, no variant reads were
detected in other T cell compartments even with manual inspection.
To rule out central CH, simultaneous ultra-deep sequencing of the
myeloid compartment would be needed.
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Somatic mutations enrich to cGVHD-associated Temgra
cell phenotypes
To understand the phenotype of mutated T cell clones, we analyzed
available samples from nine patients with cGVHD with paired
single-cell transcriptome and TCR sequencing (scRNA + TCRaf-
seq; Fig. 4 and figs. S8 and S9). We genotyped the found mutations
with Vartrix (42) and imputed the mutated clonotypes based on
TCRP of cells with mutation (Fig. 4, B and F; detailed description of
the analysis in Supplementary Materials and Methods). We also
compared the phenotypes of cGVHD T cells to those of age-matched
healthy controls (Fig. 4, C, D, G, and H, and figs. S8 and S9).
Because of the fact that droplet-based single-cell transcriptome
sequencing covers just short parts of the target genes (43), only three
somatic mutations in three different individuals could be reliably
confirmed from the transcriptome data: mutated genes included
TYWI (in CD8%), PTPRE (in CD8%), and TNFRSFIB (in CD4"
T cells) (see Supplementary Materials and Methods and fig. SI0A).
No CNVs were detected in the transcriptome data with Numbat (v1.3.0)
(fig. S10B). Mutated clonotypes in CD8* T cells enriched in the
CD8" cluster 0 (CD8 Tgmra) in both patients [OR 4.67 (CI 3.96 to
5.51)and 1.7 (CI 1.37 to 2.29) for TYW1 and PTPRE mutated clono-
types respectively; Fig. 4C]. Cluster 0 (CD8 Tgpgra) was expanded in
seven of nine patients with cGVHD but in none of the healthy con-
trols (Mann-Whitney test, P = 0.088; Fig. 4D), while healthy con-
trols expanded CD8* T cell clones enriched to cluster 2 (CD8
Trmra natural killer-like, Mann-Whitney test, P = 0.09; fig. S8, A
and E). TNFRSF1B-mutated clonotype enriched in the CD4* cluster
3 (CD4 cytotoxic Tgmra, OR 161.76 [CI 81.15-388.27]; Fig. 4G),
which was significantly expanded in patients with cGVHD when
compared to healthy controls (Mann-Whitney test, P = 0.026;
Fig. 4H). When comparing the mutated clonotypes to other cells
within the same (dominating) phenotypic cluster, the strongest sig-
nal in differentially expressed (DE) gene analysis was from TCR-
related genesin all cases (fig. S11), and predicted cell-cell interactions
with other cell types were comparable with other Tgpga cell clono-
types (fig. S12). None of the mutated TCRp clonotypes were found
in VDJdb (33) or predicted to be specific to common viral epitopes
with TCRGP (32).

DISCUSSION

With the most comprehensive published dataset of the mutation
spectrum of nonmalignant T cells to date (number of individu-
als = 111, number of samples = 239, 2533 genes), we showed that
somatic mutations in T cells are ubiquitous in patients with oligoclo-
nal T cell expansions. All patients in our study had a hematological
disease and few patients fulfilled the criteria for LGL lymphocytosis,
but notably, none of them developed a lymphoid malignancy during
follow-up. In addition, samples from healthy volunteers were ana-
lyzed. Our observation complements previous findings from other
somatic tissues (4, 44) and highlights the complex link between so-
matic mutations and clonal evolution.

Differentiated cells have less proliferative capacity, and hence,
mutation timing is critical for leukemic transformation potential.
We used main T cell lineage markers (CD4 and CD8) to distinguish
between mutations acquired by HSCs or lymphoid progenitor cells
versus mature T cells. For clonal structure analysis within T cells, we
also used their somatically rearranged TCR profiles. Only 3.5% of
somatic variants were detected in both CD4" and CD8™ T cells of
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the same patient, suggesting that most mutations were acquired or
selected after lineage differentiation. Our results indicating periph-
eral mutagenesis are in line with a recent study by Machado and
colleagues (45), where they elegantly showed in six healthy individ-
uals that T cells have a distinct mutational profile and that they ac-
quire a manifold of mutations when compared to HSCs. In our
study, the highest non-synonymous VAF was positively correlated
with the size of the largest clonal TCRp expansion in CD8™ T cells.
Our results support the hypothesis that most mutations in CD8"*
T cells expand after TCR rearrangement and T cell lineage segrega-
tion, resulting in higher mutation accumulation in highly differenti-
ated T cells than in lymphoid precursors or HSCs (45). However, for
individual mutations, we cannot exclude the possibility of central
CH without mutation screening of the myeloid compartment (10).
In addition, we detected lineage-specific CNVs in nine patients, al-
though this analysis is limited by the usage of a targeted gene panel
instead of whole-genome sequencing.

Our study confirms previous results suggesting that CD8*
T cells have increased mutation burden when compared to CD4"*
T cells, independently of the tested hematological disease (23, 24,
30). As CD8" T cells have larger clonal expansions than CD4" T cells,
this can lead to higher VAFs and more sensitive detection of CD8*
T cell mutations. However, in healthy donors, the mutation burden
of CD8" T cells was not higher than that of CD4" T cells, despite
larger TCR expansions in donors’ CD8" T cells in comparison to
CD4* T cells. Although the healthy donor T cell cohort included
fewer individuals (n = 21) than the patient cohort (n = 90), our
results suggest that the acquisition or selection of somatic muta-
tions in expanded CD8" T cell clones is characteristic of patients
with immunological hematological disease. In addition, only the
highest non-synonymous mutation VAF was increased in CD8"
T cells of patients, while the overall VAFs and the highest synony-
mous VAFs were similar in both lineages, and the difference be-
tween the highest synonymous and non-synonymous VAFs was not
detected in healthy donor CD8" T cells. Furthermore, the largest
TCRp expansion size was not correlated with variant burden nor
the highest synonymous VAF in patients’ CD8" T cells, indicating
that the mutation accumulation and expansion are not random. In
CD4* T cells, we did not observe an association between the largest
TCRB clone size and VAF, which implies that CD8" T cells may be
more prone to accumulate coding somatic mutations preceding or
during peripheral expansion of a clone. In contrast to CH, our ob-
servations also suggest that age is not the primary factor driving
mutated CD8" T cell expansions.

The clinical relevance of somatic mutations in lymphocytes is in-
creasingly recognized (10). Apart from predisposing to lymphoid
malignancy (35), somatic mutations may alter lymphocyte function
toward hyper- or hypo-reactiveness or limit T cell exhaustion. Hyper-
reactiveness can contribute to the break of immune tolerance and
auto- or alloimmunity. Somatic STAT3 mutations have been found to
be prevalent in human autoimmune diseases mediated by cytotoxic
CD8* T cells (19, 28-30) and STAT3 gain-of-function mutations lead
to oligoclonal accumulation of CD8™ T cells driving autoimmunity
in mice (46). In addition to somatic STAT3 mutations, somatic FAS
(47, 48) and KRAS (49) mutations are found in syndromes with auto-
immunity and somatic mTOR mutation with alloimmunity (2I). In
our study, we identified STAT3 and KRAS mutations in CD8" T cells
of patients with autoimmunity but not in healthy donor T cells. Be-
cause of the cohort size and low number of recurrently mutated
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Fig. 4. Single-cell transcriptome analysis of nine patients with cGVHD and six age-matched healthy controls. Analysis for CD8* T cells is shown in (A) to (D) and for
CD4* T cells in (E) to (H). (A) Uniform Manifold Approximation and Projection (UMAP) and cluster annotation of CD8" T cells. (B) We first identified cells with variants with
genotyping of mutations found in immunogene panel sequencing with the Vartrix tool (top). CD8" T cells with variant reads are marked with red (TYW1) or blue (PTPRE).
Next, we imputed clonotypes of mutated cells based on TCRp (shown on the bottom panel). (C) Phenotypes of mutated CD8* clonotypes. Odds ratios and their associ-
ated 95% confidence intervals for mutated clonotypes against other CD8" T cell clonotypes from the same patient. (D) Cluster 0 (CD8 Tewra, i.€., terminally differentiated
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effector memory T cell; Treg, regulatory T cell; Tcw, central memory T cell; NK, natural killer, iNKT, invariant natural killer T cell; MAIT, mucosal-associated invariant T cell;
GZMK, granzyme K.
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genes, we had limited power to evaluate associations with lymphoid
malignancy or other health outcomes.

In addition to putative driver mutations, we identified several
pathways that were significantly mutated in T cells based on
Oncodrive-fm analysis (50). Functionally interesting pathways
were related to T cell activation and survival (cell costimulation,
positive regulation of MAP kinase activity, and positive regulation
of ERK1 and ERK2 cascade), cell proliferation (negative regulation
of cell growth), and self-renewal (IL-7-mediated signaling path-
way). Notably, IL-7 signaling is one of the key kinase signaling
pathways altered in acute T cell lymphoblastic leukemia (37, 51)
and its germline variation is associated with immune-related tox-
icity during checkpoint blockade therapy (52, 53).

Recent studies have shown that STAT3 mutations are found at
negligible VAFs (0.007 to 0.07%) also in healthy individuals (25, 26),
which indicates that a mutated T cell clone alone is not enough to
drive abnormal immune reactions. Considering this and the fact
that clonal expansion does not alone make a T cell clone pathogenic,
we studied antigen specificities and phenotypes of expanded T cell
clones with somatic mutations. We found that mutated T cells were
mainly of cytotoxic Tgmra phenotypes that were expanded in pa-
tients with cGVHD but not in healthy controls and were not pre-
dicted to recognize common viral epitopes. In our previous study,
we noted a similar cytotoxic CD4" Tgyra phenotype in a patient
with chronic skin GVHD and an alloreactive CD4™" T cell clone with
somatic mTOR mutation (21).

Somatic mutations can also benefit health if they occur in appro-
priate T cell clones. Donor CH in HSCT has been associated with
lower relapse rates and increased cGVHD risk, indicative of immu-
nological mechanisms (54). In CAR T cell therapies, secondary ge-
netic alterations at the lentiviral vector insertion site can improve
CART cell function and lead to clonal expansion in TET2 (15), CBL
(16), and other genes (17) in human, and in DNMT3A in animal
models (18). Several genes associated with CAR T clonality (TET2,
DNMT3A, CREBBP, KMT2D, and KDMG6A) were also identified in
our study, indicating that the same genetic mechanisms can contrib-
ute to clonal expansion in not genetically modified T cells and muta-
tions can already occur in cells in which CAR T construct is inserted.

In conclusion, our study shows that somatic mutations occur fre-
quently in T cells. A subset of mutations may promote abnormal im-
mune reactions and clonal expansion and alter T cell survival and
function, but this can also be affected by the antigen specificity of
mutated T cells, hematologic disease itself, and changes in the micro-
environment. In the era of cellular immunotherapies and the increas-
ing prevalence of autoimmune diseases, the evaluation of central and
peripheral CH in T cells has substantial clinical relevance and should
be an object of future studies developing more targeted and efficient
therapies for patients.

MATERIALS AND METHODS

Samples used for immunogene panel and TCRf sequencing
The cohorts included patients with cGVHD (number of patients:
38), MDS (n = 14), ITP (n = 2), AA [n = 19; previously published
(30)], immunodeficiency [n = 17; previously published (20)], and
healthy donor T cells [# = 21; previously published (20, 30)]. Patient
characteristics are presented in table S1. Age was similar in all co-
horts (fig. S1A). Patients were enrolled in the study in the Depart-
ment of Hematology at the Helsinki University Hospital (Finland),
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Turku University Hospital (Finland), and Karolinska Institute (Sweden).
Blood or bone marrow samples were collected from patients during
routine laboratory follow-ups. Healthy blood donor buffy coats
(n = 21) were provided by the Finnish Red Cross Blood Service.
Blood donation criteria exclude patients with hematological diseases,
acute viral and bacterial infections, coronary heart disease, progres-
sive neurological disease, insulin-treated diabetes, organ transplan-
tation, rheumatoid diseases in the symptomatic phase, or treated
with other than NSAID or hydroxychloroquine.

Samples were processed as previously described (20, 30). When
frozen, mononuclear cells (MNCs) were suspended in prechilled
phosphate-buffered saline with 10% fetal bovine serum. From either
fresh or frozen MNCs, we isolated CD4" and CD8" cells with either
flow-assisted cell sorting (FACSAria II, Beckton Dickinson) or mag-
netic bead separation (Miltenyi Biotechnologies, catalog no. 130-045-
101 or 130-045-201) according to the manufacturer’s instructions.
Purities of bead-sorted fractions were confirmed by flow cytometry,
after staining samples with BD Multitest (anti-CD45-PerCP, anti-
CD3-FITC, anti-CD4-APC, and anti-CD8-PE-Cy7; catalog no.
340499) according to the manufacturer’s instructions. For flow-sorted
fractions, we did not perform additional purity analysis because the
purities of flow-sorted samples are nearly 100% based on previous ex-
periments. The gating strategy for flow-assisted cell sorting and purity
analysis of bead-sorted samples is presented in fig. S13 (A and B).
Samples with low purity (less than 60% of live cells were CD4" or
CDS8" T cells) were excluded from the lineage-specific variant analy-
sis. DNA was extracted with a DNA tissue kit (Macherey-Nagel, Cat.
No. 740952) according to the manufacturer’s instructions.

Immunogene panel sequencing

A custom gene panel based on 2533 candidate genes was used, in-
cluding genes in pathways important in innate and adaptive immu-
nity (20, 30). Next-generation sequencing (NGS) was performed as
previously described (20, 30) with the HiSeq 2500 instrument at the
Institute for Molecular Medicine Finland, HiLIFE.

Short variant analysis

Single-nucleotide and indel variant discoveries were performed ac-
cording to a previously described Genome Analysis Toolkit practice
(30). All datasets, including aligned sequencing reads from previ-
ously published cohorts (20, 30), were processed similarly to allow
integrated analysis. See Supplementary Materials and Methods for
details regarding sequence data processing, alignment, variant call-
ing, filtering, and quality control. Variants detected in both CD4"
and CD8" compartments from the same patient were called ances-
tral variants, and the rest of the variants are called lineage-specific
variants. With forced genotyping of detected variants, 92.2% of
lineage-specific variants had no variant read support in the paired
sample. The sequencing depths at (lineage-specific) mutated loci re-
sembled each other in the mutated samples and their paired samples
without mutation (fig. S1G).

dN/dS ratio

To estimate the rate of selection, we used the “dndscv” function of
the dNdScv R package (55), restricting the analysis to immunogene
panel target genes by the “gene_list” option. We performed the test
for CD4" T cell, CD8" T cell, and all mutations separately. Global
dN/dS estimates of all non-synonymous substitutions with their as-
sociated CIs were reported.
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Mutational signatures

After filtering steps described in detail in Supplementary Materials
and Methods, all synonymous and non-synonymous single-nucleotide
variants were included in mutational signature analysis. Identification
of mutational signatures was done using the deconstructSigs18 soft-
ware (56) with default parameters and cancer profiles downloaded
from the COSMIC website on 4 July 2020 (v91). COSMIC profiles
were complemented with the SBSblood signature profile provided by
Machado et al. (45). The mapSeglevels function from the Genomeln-
foDb package was used to convert EnsEMBL to UCSC chromosome
nomenclature.

Pathway enrichment and putative lymphoid driver
variant analysis
Putative lymphoid driver mutations were identified on the basis of
literature (35, 36). Significantly mutated pathways were identified
with the Oncodrive-fm tool (34). Pathways queried with Oncodrive-
fm included all Gene Ontology pathways, but only biologically rel-
evant pathways were reported. All target genes of the immunogene
panel sequencing were used as the background gene set. P values
were corrected with a false discovery rate (FDR) approach.
Lymphoid driver genes were identified on the basis of previously
curated lists of pathogenic and putative lymphoid driver gene vari-
ants (35) supplemented with driver variants in acute lymphoblastic
leukemia (36).

Bradley-Terry analysis

Bradley-Terry models were used to assess the clonal dominance
of mutations. In the analysis, comparisons were made between
matched sample pairs, and variant data were collapsed at the path-
way level by choosing the variant calls with the highest VAE. Both
fraction-specific and ancestral variants were used. VAFs of un-
affected pathways were set to 0, indicating the absence of mutations.
The analysis was also repeated using only co-occurring mutations.
The Bradley-Terry estimates and 95% Cls were then calculated with
the R package “BradleyTerry2”

Copy number variant analysis

CNVs were investigated by reprocessing sequencing data from short
variant analysis alignment files using DRAGEN Bio-IT Platform
version 4.2 (Illumina) (57) with Illumina Multigenome Graph Ref-
erence hg38 for DRAGEN v4.2 (Illumina). Alterations were anno-
tated with AnnotSV (58). Further details of the analysis are provided
in Supplementary Materials and Methods.

TCRp repertoire analysis

Sorted CD8" or CD4™ cells were analyzed with multiplexed PCR
assay targeting the variable CDR3 region of the rearranged TCRf
locus. NGS was performed and data were analyzed with the immu-
noSEQ (Adaptive Biotechnologies) and VDJtools (59) platforms, and
non-productive TCRps were filtered (FilterNonFunctional function
in VDJtools) before calculating clonotype abundances. Viral predic-
tions were performed with TCRGP (32): We interpreted a prediction
to be positive if the TCRGP probability exceeded the FPR = 0 thresh-
old for models in the publication by Jokinen et al. (32). In addi-
tion, we performed hard-matching of TCRs to epitope-specific
TCRs from VDJdb database (confidence score > 1 TCR down-
loaded on 14 Match 2023) (33). For seven patients without avail-
able TCRp sequencing data, we analyzed their TCR Vf families
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with the IOTest Beta Mark TCR Vp Repertoire Kit, as described
previously (30).

Comparison of VAF with TCRp clonotype frequency

We compared the highest non-synonymous VAF with the four
largest TCRp clonotype frequencies in samples with at least one
TCR clonotype with >7% frequency. We assumed the mutations to
be heterozygous, and hence, the highest non-synonymous VAF
was assigned as “matching” if the VAF was between 35 and 75% of
a TCRp clonotype frequency within the sample. The cutoffs were
set on the basis of previous experience in validating variants in Vf3-
sorted clonotypes (30). We reasoned that variants with VAFs above
75% of the largest TCRP clonotype frequency were likely to repre-
sent central CH (appearing across distinct TCRp clonotypes),
whereas variants with VAF below 35% of a TCRp clonotype fre-
quency could either be present in less frequent TCR clonotype(s)
or be a subclonal event, in other words, the mutation has not been
acquired at the beginning of the clonal proliferation of the exam-
ined TCRp clone. If the highest non-synonymous VAF was “match-
ing” with more than one TCRp clonotype, then it was marked as
“multiple-matching?”

Single-cell gene expression and V(D)J transcript profiling
and data analysis

Viably frozen blood MNCs from nine patients with cGVHD and six
age-matched healthy controls were sorted with BD Influx cell sorter,
to enrich for CD45™ cells. To ensure a fair comparison of T cell phe-
notypes with patients with cGVHD, originally, 12 healthy controls
from the Finnish Red Cross Blood Service were screened with cyto-
megalovirus pp65-specific pentamer or Vf antibody analysis, and
from those, six were confirmed to have oligoclonal T cell expansions
and were subjected to single-cell sequencing. Transcript profiles
were studied with 10x Genomics Chromium Single Cell V(D)] and
5’ Gene Expression platform (v1.1) and analyzed with Seurat pack-
age (60) complemented with Vartrix (42) to detect mutations and
Numbat (v1.3.0) (61) to detect CNVs in the transcriptome data.
Batch correction was done with scVI (62) and cell-cell interactions
were analyzed with CellChat (v1.6.1) (63). See Supplementary Ma-
terials and Methods for further details regarding single-cell tran-
scriptome sequencing and data analysis.

Statistical analysis

Statistical tests were performed with R version 4.2.1. The Mann-
Whitney test was used for pairwise comparisons and the Kruskal-
Wallis test for multiple comparisons. If the Kruskal-Wallis test
result was significant, then post hoc analysis was performed with
Dunn’s test. Pearson’s correlation was used to test the correlation
between two variables and the general linear model (“glm” func-
tion in R) was used for multivariable analysis. In the case of multiple
comparisons, P values were adjusted with Benjamini-Hochberg,
FDR (OncoDrive-fm analysis), or Bonferroni (scRNA-seq DE
analysis) method.

Ethical approval

This study was approved by the local university hospitals’ ethics
committees, and the principles of the Helsinki Declaration were fol-
lowed. This study was conducted under ethical approval number
303/13/03/01/11. All patients had given their written informed con-
sent before sample collection.
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