Somatic STAT3 mutations in CD8"* T cells of healthy
blood donors carrying human T-cell leukemia virus
type 2

Chronic viral antigen stimulation may underlie CD8+
T-cell expansion and T-cell large granular lymphocyte
leukemia (T-LGLL).! In T-LGLL, CD8+ T-cell expansions
are associated with somatic mutations that solidify clon-
al dominance, such as in the case of activating STAT3
mutations which are found in 40% of patients.?
However, whether chronic exposure to viral antigens are
associated with somatic mutations in expanding CD8+ T
cells among individuals without clinically detectable
lymphoproliferations is currently not known.

Human T-cell leukemia virus type 2 (HTLV-2) prefer-
entially targets CD8+ T cells, causing strong expansion
of the infected CD8+ T-cell clones.> Whereas HTLV-1 is
the causative agent of adult T-cell leukemia/ lym-
phomas,* the etiologic role of HTLV-2 in lymphoprolifer-
ative diseases is less clear. In 1992 an incidental case of
LGL leukemia with HTLV-2 seropositivity was
described.’ Later, Thomas et al.5 reported anti-HTLV
antibody positivity in 44% of T-LGLL patients. While
some cross-reactivity cannot be excluded, 7.5% (4 of 53)
of T-LGLL patients tested positive for HTLV-2 by both
western blotting and polymerase chain reaction (PCR),
suggesting that HTLV-2 may participate in T-LGLL
pathogenesis in a minority of cases. In this study, we
examined whether CD8+ T cells from healthy, asympto-
matic blood donors with chronic HTLV-2 infection har-
bor somatic mutations in STAT3 or other immune-asso-
ciated genes, potentially identifying invidiuals at risk of
subsequent lymphoproliferative diseases.

This study was conducted with samples from the
HTLV Outcomes Study (HOST) which includes samples
from subjects recruited from five major US blood dona-
tion centers.” HTLV status was analyzed with an ezyme-
linked immunosorbant (ELISA) assay, followed by west-
ern blot confirmation and HTLV-1 versus HTLV-2 typing
by either real-time PCR or a type specific ELISA.” At each
visit, cohort participants were interviewed in detail for
symptoms, followed by a physical and neurological
examination. Informed consent was obtained from all
participants. The study and sample collection were
approved by the University of California San Francisco
committee on human research and other Institutional
Review Boards. We obtained frozen peripheral blood
mononuclear cells (PBMC) of 30 HTLV-2 infected and 35
HTLV-2 uninfected blood donors from University of
California San Francisco and Vitalant Research Institute
(CA, USA). The PBMC samples collected between 2000
and 2008 were randomly selected from HOST.

We separated CD4+ and CD8+ T cells from PBMC
samples of HTLV-2 positive (n=30) and negative (n=35)
healthy blood donors. The presence of STAT3 mutations
in the sorted fractions was analyzed by ultra-deep tar-
geted amplicon sequencing, covering hotspot regions of
STAT3 gene (median coverage =7,472, sensitivity =0.5%
variant allele frequency [VAF]). The sequencing was per-
formed with Illumina Miseq System (Ounline
Supplementary Figure S1A), and variant calling was per-
formed as previously reported.® Somatic nonsynony-
mous STAT3 mutations were discovered in CD8+ T cells
from four of 30 (13.3%) HTLV-2 positive subjects,
whereas no STAT3 mutations were discovered in HTLV-
2 negative subjects using deep amplicon sequencing of
STAT3 (Figure 1A; Fisher's exact test P=0.04).
Furthermore, no STAT3 mutations were discovered in
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CD4+ T cells, indicating that the mutations were specific
for the CD8+ T-cell subset. Among the four STAT3
mutations detected, three were missense STAT3 muta-
tions (Y640F N6471 and D661Y) and one was a non-
frameshift insertion (Y657_K658insY), with VAF of
11.9%, 0.5%, 4.9%, and 1.2%, respectively (Figure 1B).
All the mutations identified in CD8+ T cells were locat-
ed in the SH2 domain of STAT3 and have been previous-
ly reported in T-LGLL (Online Supplementary Figure S1A).?
The proportion of differentiated, putatively cytotoxic
CD57+, CD16+ CD8+ T cells were higher in STAT3
mutated compared to STAT3 unmuted HTLV-2 positive
individuals (Figure 1C). In addition, higher level of the
cytotoxic marker perforin was noted in CD8+ T cells of
STAT3 mutated, HTLV-2 positive individuals (Online
Supplementary Figure S1B and C). TCRP deep sequencing’
of sorted CD8+ T cells revealed higher clonality index in
the STAT3 mutated compared to STAT3 unmuted indi-
viduals (Figure 1D). The VAF of the STAT3 Y640F muta-
tion was consistent with clonal event in the largest
TCRBV03-01 clone; the other three STAT3 mutations
with smaller VAF likely occurred as subclonal events or
in the smaller CD8+ T-cell clones (Figure 1E).

The age distribution was similar between HTLV-2 neg-
ative subjects (median age 52 year), HTLV-2 positive
subjects without STAT3 mutations (median age 53
years), and HTLV-2 positive subjects with STAT3 muta-
tions (median age 58.5 years) (P-value between HTLV-2
positive subjects with and without STAT3 mutations,
P=0.50; Mann-Whitney U test) (Figure 1F). No statistical
difference in viral load was detected between STAT3
mutated (median =0.149) and unmuted HTLV-2 positive
subjects (median =0.0005) (P=0.5; Mann-Whitney U
test) (Figure 1G). No serial HTLV-2 viral load measure-
ments were available; however, HTLV-2 viral load has
been reported to be stable over time.'’ There was no dif-
ference in total white blood cell and lymphocyte counts
between STAT3 mutated and unmuted cases (Figure 1H
and I).

In order to characterize a larger spectrum of somatic
variants in genes linked to immune regulation, we ana-
lyzed CD8+ T cells from 28 HTLV-2 positive subjects
using a custom next generation sequencing panel cover-
ing the coding regions of 2,533 immune-related genes."
Samples were sequenced with Illumina HiSeq or
NovaSeq 6000 system (Online Supplementary Figure S2),
and somatic variant calling followed a previously
described approach.!! Variants were filtered using popu-
lation based filtering, MuTect?2 filters and against CD4+
and CD8+ panels of normals from 21 healthy controls
(Online Supplementary Figure S2). Variants only found in
CDB8+ T cells, using sorted CD4+ T cells as matched nor-
mals, were evaluated further. Sequencing coverages are
presented in the Ounline Supplementary Figure S2. Two
STAT3 mutations (Y640F and D661Y) were detected in
two of four STAT3 mutant cases. N6471 and
Y657_K658insY variants did not pass filtering due to
lower sequencing coverage compared to amplicon
sequencing; their presence was confirmed with visual
inspection of the sequencing data using Integrative
Genomics Viewer.!? In addition to STAT3 mutations, we
identified a total of 66 coding somatic variants in 61
genes in CD8+ T cells (Figure 2A). Nineteen (68%) of the
subjects had at least one variant, and the median number
of variants was one per subject.

Eight subjects (29%) harbored variants in the genes
previously discovered in LGLL (STAT3, KMT2D, TYRO3,
DIDO1, BCL11B, CACNB2, KRAS, LRBA and FANCA),"
and five subjects (18%) harbored genes involved in JAK-
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Figure 1. STAT3 mutations discovered in CD8+ T cells of HTLV-2 positive subjects. (A) Prevalence of STAT3 mutations in CD4+ and CD8+ T cells of human T-
cell leukemia virus type 2 (HTLV-2) positive subjects (n=30) and HTLV-2 negative subjects (n=35). Four (13.3%; Fisher’s exact test P=0.04) of 30 HTLV-2 positive
individuals had STAT3 mutations in CD8+ T cells. (B) STAT3 mutations found in HTLV-2 positive subjects by amplicon sequencing. STAT3 mutations (insertion,
N6471, Y640F and D661Y) were discovered in CD8+ T cells from 4 HTLV-2 positive subjects. (C) Flow cytometry based immunophenotyping was performed to
identify the proportion of differentiated, putatively cytotoxic (CD56+, CD57+, and CD16+) CD8+ T cells in 9 HTLV-2 positive blood donors. For the immunophe-
notyping, anti-CD3 APC, -CD45 V500, -CD4 APC-H7, -CD8 PE-Cy7, -CD16 PerCP-Cy5.5, -CD56 FITC, and -CD57 PE, were used. Each dot represents one individual,
and horizontal lines indicate median values. Statistically significant difference was evaluated using Mann-Whitney U test. (D) The CD8+ T-cell clonality index by
STAT3 mutation status in 8 HTLV-2 positive blood donors. The clonality index was calculated using ImmnoSEQ Analyzer software (Adaptive Biotechnologies, WA,
USA) as 1 minus Shannon entropy normalized by the logarithm of the number of productive T-cell receptor (TCR) sequences. Each dot represents 1 individual,
and horizontal lines indicate median values. P-values were evaluated using Mann-Whitney U test. (E) CD8+ T-cell repertoire analyzed with TCRB deep sequencing
(Adaptive Biotechnologies). Sorted CD8+ T cells of HTLV-2 positive cases bearing STAT3 mutations (n=4) and without STAT3 mutations (n=4) were used. Variant
allele frequency (VAF) was analyzed by amplicon sequencing. The graph shows top 3 TCR clones in each sample. (F-1) (F) Age distribution, (G) HTLV-2 proviral
load in copies per peripheral blood mononuclear cells (PBMC), (H) white blood cells count and (I) lymphocytes count within HTLV-2 negative subjects (HTLV2-),
HTLV-2 positive subjects without STAT3 mutations (No STAT3") and HTLV-2 positive subjects harboring STAT3 mutations (STAT3"). Each dot represents one

individual. P-values were calculated using Mann-Whitney U test (No STAT3Y"! vs. STAT3"™). Horizontal lines indicate median values. Ref: reference base; Var:
variant base.
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Table 1. Clinical characteristics of HTLV-2 positive subjects analyzed in immunogene panel sequencing.

Age
Median (range) 53 (43 -70) 52 (46 - 70) 54 (43 - 70) 60 (49 - 68) 0.04F

Sex
Female 19 (68) 7(70) 6 (75) 6 (60) 0.63~
Male 9(32) 3(30) 2 (25) 4 (40)

Race
Black 9(32) 1 (10) 4 (50) 4 (40) 0417
Hispanic 5(18) 2 (20) 1(12) 2 (20)
White 14 (50) 7(70) 3(38) 4 (40)

White blood cells (10%L) 6.2 6.2 6.6 5.8 0.85F
Median (range) (3.5-10) (3.5-8.2) (6.0-9.1) (3.9-10)

Hemoglobin (g/dL) 139 134 13.6 14.2 0.27F
Median (range) (4.8-174) (4.8-16.7) (12.5-174) (12.8-16.2)

Hematocrit (%) 40.8 40.3 39.9 2.7 0.15F
Median (range) (14-50.5) (14-49.2) (38.7-50.5) (38.1-48.9)

Platelets (10°L) 231 222 239 240 0.80F
Median (range) (101-435) (144-435) (200-340) (101-350)

Lymphocytes (10%L) 2.378 1.906 2.907 2.378 0.24F
Median (range) (0.984-4.122) (0.984-3.854) (1.365-4.122) (1.566-3.610)

Eosinophils (10°L) 0.130 0.117 0.185 0.078 0.21F
Median (range) (0.028-0.319) (0.028-0.246) (0.130-0.319) (0.057-0.200)

Neutrophils (10%L) 3.207 3418 3.393 2.944 0.51F
Median (range) (1.404-6.232) (1.582-6.232) (2.500-4.940) (1.404-5.700)

Monocytes (10°L) 0.410 0.378 0.434 0.480 0.247
Median (range) (0.042-1.140) (0.042-0.711) (0.195-0.919) (0.235-1.140)

Basophils (10%L) 0.0 0.0 0.0 0.0 0.99F
Median (range) (0.0-0.2) (0.0-0.2) (0.0-0.1) (0.0-0.2)

The data are at sample collection. P-values are calculated by Cuzick’s trend test (T), or Kruskal-Wallis trend test (*).

STAT signaling pathway (NFKBIA, PIK3R5, MAPK14,
EP300, MPL, IFNAR1, IL6ST and IL20RA) according to
Uniprot identifier. Three genes had more than one vari-
ant: VWF (3 mutations), SMAD7 and MXRA5 (2 muta-
tions each) (median VAF: 7%, 2% and 4%, respectively).
Subject 13 who harbored a STAT3 Y640F mutation also
had mutations in KMT2D, NFKBIA, PIK3R5, CTCF, and
VWEF. In this subject with multiple somatic mutations,
STAT3 had the highest VAF (16.2%, Ounline
Supplementary Table S1), suggesting that other variants
may be subclonal. Subject 12 with a STAT3 N6471 muta-
tion also harbored variants in INPP5D, FSCN1 and
PLA2R1, CD248, and P4HTM. Subject 11 with STAT3
Y657_K658insY harbored variants in MTA1, NCOR2,
BCL6, ADCYS, RPS6KA3. Subject 27 with a STAT3
D661Y mutation had no additional variants. The overall
number of mutations was higher in HTLV-2 positive
blood donors harboring STAT3 mutations (median =6)
compared to HTLV-2 positive blood donors without
STAT3 mutations (median =1; P=0.061; Mann-Whitney
U test), although the difference was not statistically sig-
nificant. The complete list of variants and VAF can be
found in the Ounline Supplementary Table S1.

Somatic mutations can accumulate in tissues with
aging." Accordingly, the total number of coding variants
was associated with older age among HTLV-2 positive
blood donors (no variants, median age 51 years; 1-2 vari-
ants, 53 years; 3 or more variants, 59 years; P=0.04) (Table
1; Figure 2B). The most frequent single nucleotide transi-
tion was C>T involved in age-associated mutational signa-
ture 1 (Figure 2C). The high prevalence of signature 1,

revealed by mutational signature analysis (Figure 2D), fur-
ther supported age-dependent accumulation of somatic
variants in CD8+ T cells among HTLV-2 positive subjects.
No association between peripheral blood counts and num-
ber of variants was observed (Table 1).

In summary, our results highlight the presence of STAT3
mutations in CD8+ T cells of healthy blood donors harbor-
ing HTLV-2 without clinical history of lymphoproliferative
disease. HTLV-2 positive subjects with STAT3 mutations
showed variable clonal expansion of CD8+ T cells, sug-
gesting that HTLV-2 infection may promote lymphoprolif-
eration and STAT3 mutagenesis outside the clinical context
of T-LGLL. We identified additional mutations in CD8+ T
cells of HTLV-2 positive subjects in genes involved in JAK-
STAT signaling, immune regulation and lymphoprolifera-
tion. In addition to T-LGLL, somatic STAT3 mutations
have been detected in LGLL associated diseases such as
aplastic anemia, hypoplastic myelodysplastic syndrome
and Felty’s syndrome, and in some patients with multiple
sclerosis and rheumatoid arthritis.”® Although CD8+ T cell
expansions can also be detected in other diseases such as
in rheumatoid arthritis, somatic STAT3 mutations are not
common in these conditions.? STAT3 mutations and a his-
tory of HTLV-2 infection may highlight a subset of blood
donors who are at risk of subsequent diagnosis of lympho-
proliferative diseases. However, no clinical follow-up
information is available from our study participants, and
future studies are needed to elucidate whether HTLV-2
positive subjects carrying STAT3 and other mutations are
at increased risk of T-LGLL or other lymphoproliferative
diseases.
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Figure 2. Somatic mutations identified in CD8+ T cells of HTLV-2 positive subjects. (A) Mutation landscape in CD8+ T cells of human T-cell leukemia virus type
2 (HTLV-2) positive subjects (n=28). Coding variants identified by immunogene panel sequencing are presented, together with age, sex, number of mutations
and mutation types. * (white asterisk), STAT3 variants detected in the deep amplicon sequencing but filtered out in the immunogene panel sequencing due to
lower coverage but confirmed with visual inspection with the Integrative Genomics Viewer (Broad Institute, USA). The average expression of mutated genes in
healthy controls are shown on the right, presented as counts per millions reads mapped (CPM) with mean + standard deviation (n =5). The complete list of vari-
ants and variant allele frequencies (VAF) can be found in the Online Supplementary Table S1. (B) Correlation plot of age vs. mutation number in HTLV-2 positive
blood donors. (C) Percentages of somatic base substitutions and indel identified by immunogene panel sequencing in CD8+ T cells of HTLV-2 positive blood
donors. (D) Normalized weights of COSMIC signatures contributions. Signature 1 (weight: 0.362) was highly related signature.
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