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Abstract

Abnormally high y8 T cell numbers among individuals with atypical SCID have been reported but detailed immunopheno-
typing and functional characterization of these expanded y8 T cells are limited. We have previously reported atypical SCID
phenotype caused by hypomorphic IL2ZRG (NM_000206.3) c.172C > T;p.(Pro58Ser) variant. Here, we have further investi-
gated the index patient’s abnormally large y8 T cell population in terms of function and phenotype by studying IL2RG cell
surface expression, STAT tyrosine phosphorylation and blast formation in response to interleukin stimulation, immunophe-
notyping, TCRvy sequencing, and target cell killing. In contrast to his af T cells, the patient’s yd T cells showed normal
IL2RG cell surface expression and normal or enhanced IL2RG-mediated signaling. V52 + population was proportionally
increased with a preponderance of memory phenotypes and high overall tendency towards perforin expression. The patient’s
vS T cells showed enhanced cytotoxicity towards A549 cancer cells. His TCRvy repertoire was versatile but sequencing of
IL2RG revealed a novel ¢.534C > A; p.(Phe178Leu) somatic missense variant restricted to yd T cells. Over time this variant
became predominant in yd T cells, though initially present only in part of them. IL2RG-Pro58Ser/Phe178Leu variant showed
higher cell surface expression compared to IL2RG-Pro58Ser variant in stable HEK293 cell lines, suggesting that somatic
p-(Phel78Leu) variant may at least partially rescue the pathogenic effect of germline p.(Pro58Ser) variant. In conclusion,
our report indicates that expansion of yd T cells associated with atypical SCID needs further studying and cannot exclusively
be deemed as a homeostatic response to low numbers of conventional T cells.
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Introduction

Severe combined immunodeficiencies (SCID) are genetic
disorders caused by disease-causing variants in genes
regulating lymphocyte differentiation and proliferation
[1]. Typical SCID is defined by very low or undetectable
numbers of CD3 + T cells (<300/pl) [2, 3] and, depend-
ing on the causative gene, functionally deficient or absent
NK cells and/or B lymphocytes [1]. Without stem cell
transplantation or gene therapy, SCID patients succumb
to infections within the first 2 years of life [4, 5]. Recently,
growing numbers of hypomorphic variants in genes caus-
ing SCID have been described [6—17]. These present with
milder clinical phenotype, with partially preserved T cell
number and/or function. Thus, this condition is often
coined as “leaky” or atypical SCID [3]. There are no uni-
versally accepted diagnostic criteria for atypical SCID.
Phenotypically, these patients commonly display reduced
or declining numbers of T cells and/or their subsets, and
impaired T cell function [2, 3]. In some cases, increased
proportions of yd T cells may lead to normal absolute
CD3 +T cell counts [17-22]. Lack of cytomegalovirus
(CMV) infection in some patients, a known driver for yd
T cell expansion [20, 23], suggests yet undiscovered fac-
tors elevating 0 T cell counts [20].

yd T cells are the first T cells to appear during thymic
development [24] and normally comprise ca. 1-10% of
peripheral blood CD3 + T lymphocytes [25, 26]. They
are present at higher frequencies in epithelial barriers of
the skin, intestines, and lungs, offering the first line of
defense as rapid responders to various types of antigens
and stimuli in a major histocompatibility complex (MHC)
independent manner [24, 27]. y8 T cells act as early pro-
ducers of cytokines like interferon (IFN)-y and interleu-
kin (IL)-4 [24] and as antigen presenting cells and thus
have attributes of both the innate and adaptive immunity
[27-29]. Most 8 T cells in the peripheral blood present
VyoVd2 T cell receptor (TCR) [27, 30]. CMV infection,
however, does not affect the major Vy9V42 + population
but rather the V81 +and V83 + populations [31, 32]. In
addition to host defense functions, Y8 T cells play impor-
tant roles in tissue homeostasis and tumorigenesis [31].
Though protumor roles have been reported, yo T cells are
mainly investigated for their potential in immunotherapeu-
tic applications for cancer [33, 34].

We have previously described a patient with novel
c.172C > T;p.(Pro58Ser) variant in IL-2 receptor gamma
chain (IL2ZRG; NM_000206.3) associated with atypi-
cal X-SCID phenotype and abnormally large peripheral
blood y& T cell number comprising of up to 37.3% of
CD3 +lymphocytes [17]. Here, we have further studied
the phenotype and function of these Y0 T cells presenting
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with normal IL2RG surface expression, IL2ZRG-dependent
signaling, and normal or enhanced killing of in vitro target
cells. In addition, we discovered a single base pair somatic
c.534C > A; p.(Phel78Leu) IL2RG variant restricted to
his yd T cells. We studied the effect of this somatic vari-
ant with BioID proximity labeling in IL2RG expressing
HEK?293 cell lines and found that it altered protein—protein
interactions of IL2ZRG-Pro58Ser. We also noted higher cell
surface expression of IL2ZRG-Pro58Ser/Phel78Leu vari-
ant compared to IL2RG-Pro58Ser variant alone in these
HEK?293 cell lines, suggesting that the somatic variant
may at least partially rescue the effect of Pro58Ser variant.

Materials and Methods
Genetic Analyses, Capillary Sequencing, and RT-PCR

Capillary sequencing methods have been described else-
where [17]. Cell isolation is described in the Online
Resource. TCRy sequencing on complementarity-deter-
mining region 3 (CDR3) was performed according to the
manufacturer’s instructions on genomic DNA (gDNA)
isolated from yd cells with TCRG immunoSEQ assay
(Adaptive Biotechnologies), described in more detail in the
Online Resource. RNA was isolated with Nucleospin RNA
isolation kit (Macherey—Nagel) according to the manufac-
turer’s instructions. All available RNA was used as tem-
plate for cDNA synthesis (BioRAd iScript cDNA synthesis
kit; according to the manufacturer’s instructions). Primer
sequencies are listed in Table S1, Online Resource.

Flow Cytometry and Antibodies

Flow cytometry was performed on both whole blood and
peripheral blood mononuclear cells (PBMCs). Staining
was performed with fluorescent-conjugated antibodies and
is described in more detail in the Online Resource. To meas-
ure signal transducer and activator of transcription (STAT) 5
tyrosine phosphorylation, isolated PBMCs were stimulated
with IL-2 (10 U/ml and 320 U/ml, R&D Systems), IL-7
(50 ng/ml, Miltenyi Biotec), or IL-15 (6 ng/ml and 100 ng/
ml, R&D Systems). For STAT3 and STAT®6 tyrosine phos-
phorylation, PBMCs were stimulated with 50 ng/ml IL-21
(Peprotech) or with 100 ng/ml IL-4 (Biotechne), respec-
tively. Blast formation of TCR off and yd cells was deter-
mined by flow-cytometric assay for specific cell-mediated
immune-responses in activated whole blood (FASCIA) [35].
To study CD25 and CD69 upregulation in response to TCR
stimulation and intracellular cytokine expression, PBMCs
were stimulated with plate bound anti-CD3/28 or Bioleg-
end’s Activation cocktail (phorbol 12-myristate-13-acetate/
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ionomycin with Prefeldin A), respectively. For yo T cell
phenotyping, patient and healthy donor PBMCs were either
directly stained to determine the baseline or cultured for 24 h
in low glucose RPMI medium supplemented with 10% FBS,
2 mM L-glutamine, and 100 IU/ml penicillin-streptomycin
with three different stimuli: (1) 1 mg/ml of anti-CD3 and
anti-CD28; (2) 5 mM Zoledronic acid (Sigma) and 1000 U/
ml of human IL-2 (R&D Systems); (3) 5 mM Zoledronic
acid. Cells were then incubated with Fc-block (Biolegend)
and labelled with fluorescent-conjugated antibodies for
Cdvdl, Cdvd2, CD25, CD69, CD45RA, CD62L, CD3,
CD4, CD8, Perforin, CD27, and FasL. Cells were analyzed
with BD Fortessa flow cytometer and FlowJo (v.10.7.2)
software. All monoclonal antibodies and their details are
listed in Table S2, Online Resource. All the protocols are
described in detail in the Online Resource.

LDH Release Assay

Killing assays are described in detail in the Online Resource.
Briefly, target cells to determine effector cell-mediated cell
lysis were A549 (human adenocarcinoma), MDA-MB-436
(human triple breast cancer), and Daudi cells (human Burkitt
lymphoma). Freshly isolated PBMCs or yd T cells were added
ata 1:40 or 1:20 (target to effector) ratio, respectively, and incu-
bated for 4 h at+37 °C followed by supernatant collection. Cell
lysis was determined by lactate dehydrogenase (LDH) releases
using the CyQUANT LDH Cytotoxicity assay kit (Invitrogen)
according to the manufacturer’s instructions.

IL2RG Expressing Flp-In 293 T-REx Cell Lines
and Proteomics

In silico computational analysis and plasmid mutagenesis are
described in the Online Resource. Generation of the induc-
ible HEK293 Flp-In Trex cell lines expressing C-terminally
MAC-tagged IL2RG constructs and the sample preparation
for mass spectrometry have been described elsewhere [36,
37] and in detail in the Online Resource together with prot-
eomic analysis and mass spectrometry data processing. Cell
surface and total cell-associated IL2RG expression levels in
these HEK293 Flp-In Trex cell lines were analyzed by flow
cytometry and are described in the Online Resource.

Results
Patient with Hypomorphic IL2RG p.(Pro58Ser)
Variant Has Elevated Proportion of y8 T Cells in His

Peripheral Blood

Our previously published index patient with novel hemizy-
gous IL2RG c¢.172C> T;p.(Pro58Ser) missense variant [17]

is currently 13-year-old male (Fig. 1a). At age 2, he started to
suffer from recurrent respiratory tract infections and persistent
bilateral purulent middle ear infections. He developed bronchi-
ectasis by the age of 7. Despite normal total immunoglobulin
levels, intravenous immunoglobulin (IVIG) treatment was
started due to specific antibody deficiency and recurrent res-
piratory tract infections. Thereafter, frequency of infections has
markedly reduced and no progression of bronchiectasis has been
observed. Before immunoglobulin substitution, our patient’s
PCR test for CMV was negative. After the start of IVIG, our
patient has repeatedly tested positive for CM V-specific IgG,
likely due to IVIG, but has remained negative for [gM CMV
antibodies. Currently, he suffers from molluscum contagiosum
with occasional secondary bacterial skin infections. His detailed
clinical phenotype and genetic analysis have been described ear-
lier [17] and were updated in the Online Resource (text and
Table S3). Since the age of 7, he has showed increased amounts
of yd T cells in his peripheral blood (2040% of CD3+T
cells), unlike his family members (Fig. 1b, c, Fig. S1a, Online
Resource), while the total amount of CD3+T cells has remained
within normal range (Fig. 1b, Table S3 Online Resource). The
presence of ¢.172C>T p.(Pro58Ser) missense variant in yo
T cells was verified by Sanger sequencing, ruling out genetic
reversion (Fig. S1b, Online Resource). Expression of IL2RG
p-(Pro58Ser) variant was reduced on the surface of CD4+and
CD8+T cells and NK cells, as well as on monocytes [17].
We studied the surface expression of IL2RG (CD132) on the
patient’s yd T cells and found it to be normal when compared
to healthy donors’ cells while being clearly reduced on his a.f3
T cells (CD3 +TCRyd- cells) (Fig. 1d, e). However, the total
cell-associated IL.2RG was significantly reduced also in his y5
T cells (34% less than in controls), but reduction of total IL2RG
expression was even more pronounced in his TCRyd-negative
T cells (51% less than in controls, Fig. S2a-b, Online Resource).
Taken together, IL2RG p.(Pro58Ser) variant leads to reduced
IL2RG cell surface expression on conventional CD3+T cells,
while Y0 T cells express normal surface level of IL2RG.

IL-2, IL-4, IL-7, IL-15, and IL-21 Signaling Is Intact
in Patient’s y8 T Cells, While Selectively Impaired
in His af T Cells

To study IL2RG downstream signaling in T cells, we measured
STATS tyrosine phosphorylation (pY-STATY) in response to IL.-2
stimulation by flow. We found that pY-STATS was significantly
reduced in the patient’s TCRyd-negative CD3+T cells (repre-
senting af T cells), while it was normal in his TCRyd-positive
CD3+T cells (Fig. 2a). Next, we evaluated pY-STATS in response
to IL-15 stimulation and found that the patient’s Y T cells showed
slightly increased pY-STAT5 compared to healthy donors’ yd T
cells, while there was no difference observed in TCRyd-negative
T cells (Fig. 2b). Furthermore, we observed no clear difference
in IL-4-induced STAT®6 tyrosine phosphorylation, IL-21-induced
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Fig.1 Patient’s yd T cells show normal surface expression of
IL2RG. a Family pedigree. Index patient marked with an arrow,
WT for wild type. b Patient’s total CD3+T cell levels and percen-
tual proportions of TCRaf +and TCRyd +cells of peripheral blood
CD3+T cells over time. Yellow area indicates normal range of the
v8 T cells (1.9-11.7%; in-house reference range by HUSLAB), yel-
low line indicates the lower limit of normal CD3+T cell absolute
number (0.75x1079/1; in-house reference range by HUSLAB).
¢ TCRap+and TCRyd+ proportions of the patient and his fam-
ily members (mean with SEM). Cell surface expression of IL2RG

STAT3 tyrosine phosphorylation, or IL-7-induced STATS tyrosine
phosphorylation between healthy donors’ and the patient’s yd or
ofy T cells (Fig. S3a-c, Online Resource).

With FASCIA [35], the patient’s yd T cells showed
slightly reduced blast formation in response to low dose of
IL-2 (10 U/ml) but with high dose of IL-2 (320 U/ml) it
was comparable to controls, while blast formation of the
patient’s ap T cells remained low with both doses (Fig. 2c,
d). Blast formation in response to IL-15 was comparable
between patient and healthy donor y8 T cells, while it was
reduced in response to high dose of IL-15 (100 ng/ml) in
the patient’s ap T cells (Fig. 2e, f). These data indicate that
IL2RG-mediated signaling is intact in the patient’s Y0 T
cells, while selectively impaired in his aff T cells.

Patient’s yd T Cells Display Elevated Level
of Memory V62 +T Cells and Expresses Normal Level
of IFN-y Upon Stimulation

To further investigate the patient’s y8 T cells, we performed
flow cytometric phenotyping and found that approximately
15% of the patient’s CD3+T cells were V51 + (Fig. 3a)
and approximately 17% Vo2 + (Fig. 3b). Especially the
V482 + population was relatively increased compared
to healthy donors (1.1-8.5%). His V&1 + cells showed
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Patient Controls

(CD132) in CD3+TCRYyd+(d) and CD3+TCRYd- (e) cells. Patient
in red, healthy donor 1 in light blue, healthy donor 2 in blue, fluores-
cent minus one sample in gray. Shown are representative histograms
(left) and cumulative bar graphs from three independent experiments
(for healthy controls n=2 in each repeat). Graphs show mean with
SEM. *p<0.05, determined by unpaired r-test with Welch’s correc-
tion; ns, non-significant in (c—e). The figure was constructed using the
following software: Microsoft Office Powerpoint (64B), GraphPad
Prism (v.9.2.0), NovoExpress software, Acea

significantly higher proportion of T effector memory (TEM)
cells (29% vs. 11.2-13.6%) and lower proportion of T
central memory cells (TCM) (46.5% vs. 54-64.1%) while
proportions of naive and TEM re-expressing CD45RA
(TEMRA) were comparable to controls (21% vs. 21-28.4%
and 3.6% vs. 3-6.4%, respectively) (Fig. 3c). Essentially
all patient’s V82 + cells were memory T cells: 73.1% TEM
(58.3-60.4% in controls) and 25.6% TCM (5.1-11.0% in con-
trols) (Fig. 3d). In unstimulated condition, perforin expres-
sion was in V31 +cells comparable to controls’ (Fig. 3e).
However, approximately 53% of the patient’s V52 + cells
expressed perforin (vs. ca 15% in healthy controls), indicat-
ing activated state; however, the difference between patient
and controls was not statistically significant (Fig. 3f). Upon
stimulation, the patient’s V&1 + population showed some-
what lower increase in expression of perforin in response
to stimulation with anti-CD3/28 but a significantly higher
increase in response to zoledronic acid (Fig. 3e). The
patient’s V52 + cells showed an overall trend towards higher
perforin expression with a significantly increased response
to anti-CD3/28 and combination of zoledronic acid and IL.-2
(Fig. 3f). In Fas-ligand expression, we noted a significant
increase in the patient’s V81 +cells and V62 + cells with
anti-CD3/28 and zoledronic acid stimulation, respectively
(Fig. S4a-b, Online Resource). However, when the patient’s
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v0 T cells were activated with anti-CD3/28, the activation
markers CD25 and CD69 remained lower than in healthy
controls (Fig. S4c-d, Online Resource).

With PMA/ionomycin stimulation, the vast majority of
the patient’s y8 T cells (approx. 95%) expressed high IFN-
¥, which was comparable to healthy donors’ y6 T cells,
while significantly lower proportion of his conventional
CD3 +T cells became IFN-y positive, when compared to
controls (Fig. 3g). For IL-2 and IL-15, we detected no dif-
ference between the patient and controls (data not shown).
Taken together, immunophenotyping of the patient’s yd
T cells shows increased memory phenotype and implies
cytotoxic properties.

The Patient’s TCRvy Repertoire Showed
a Dominance of Certain Clones

To detect possible clonal expansion, we deep sequenced the
patient’s TCRvy repertoire. The top ten clones and their amino
acid sequencies in the patient and healthy donors are listed
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Patient Control

" . MFI:1790 " MFI:1495 o
n | ("”ﬂ‘w NV\ g e ,—l
J H
It | T 2
CD3+TCRy6+ f / \\ | £5
/ \\ \ EE ao]
| \ aQ
‘ S § L5 L
/ Pationt Gontro
 MFI:1204 T MFEL228| g, e
‘ i g [
f f/(\ \ £2 12004
| \ e o
CD3+TCRys- & J,/ || pg ™ .
3 5/ | 52 o
= [/ g .
J od _ .
K] Jo\ eatant Gorior
pYSTATS — —— — ©
f
.o 100 ) . 1007
e — Patient i — Patient
% 0 -=- Control 1 2 sl --- Control 1
% -+ Control 2 ® -« Control 2
e}
g ERY
5 .
w0 w
>
& & 401
(@] O
= =
+ +
[se} [se}
3 S
o 2 .
o |
1 10 100 1 10 100

IL-15 (ng/ml) IL-15 (ng/ml)

CD3+TCRyd- cells (d) stimulated with IL-2, CD3+TCRYd+ (e)
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patient, dotted line for the controls). Data are representative of two
different experiments. *p <0.05; **p <0.01, determined by unpaired
t-test with Welch’s correction; ns, non-significant in (a—b). The figure
was constructed using the following software: Microsoft Office Pow-
erpoint (64B), NovoExpress software, Acea

in Table S4, Online Resource. On DNA level, our patient’s
top ten rearrangements comprised 90.6% of all the rearrange-
ments (controls 57.5% and 52.8%, Fig. 4a). Furthermore, the
frequencies of top two clones in the patient were 29.2% and
27.2% (Fig. 4b). However, the total amount of productive
rearrangements and the count of unique rearrangements were
comparable to controls. These data indicate that the patient
has a generally versatile TCRvy repertoire (Table S5, Online
Resource).

Patient’s y8 T Cells Are Hyperreactive Against
Malignant Cells

To determine the patient’s yd T cells’ cytotoxic properties,
we conducted killing assays using Daudi, A549, and MDA-
MB-436 tumor cell lines. The patient’s PBMCs were able
to induce significant lysis of all studied cell lines (Fig. 5a).
Next, we repeated the killing assays with equal amounts of
freshly isolated yd T cells from the patient and healthy con-
trols. The healthy controls showed somewhat higher lysis
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of the Daudi cells, but the difference was not significant
(Fig.S5, Online Resource). With A549, the patient’s yo T
cells showed significantly higher cytotoxicity than controls’
v0 T cells (Fig. 5b). This data implies that the patient has a
functional y3 T cell population that is hyperreactive against
certain malignant cells.

Sequencing of Patient’s IL2RG Revealed a Novel
Somatic Variant from y8 T Cells

To detect alterations at mRNA level, we performed RT-PCR.
The only alteration when compared to reference genome was
anovel ¢.534C> A; p.(Phel78Leu) missense variant in part
of the patient’s yd T cells (Fig. 6a). This variant was not
found from the GnomAD database and was not predicted to
be deleterious or pathogenic by prediction tools used (SIFT,
PolyPhen2, CADD Score, Mutation Taster; Table S6, Online
Resource). The same variant was also detected in the major-
ity of the gDNA isolated from the yd T cells (gDNA used
for TCRvy repertoire sequencing; Fig. 6b) but absent in the
ap T cells (Fig. 6¢., Fig. S6a, Online Resource) and B lym-
phocytes (Fig. S6b, Online Resource), suggesting a somatic
change restricted to y0 T cells. When sequencing DNA from
vO T cells after 10-day in vitro expansion, wild-type (WT)
sequence (i.e., base C) was no longer detected (Fig. Séc,
Online Resource). The sequencing of yd T cell DNA was
repeated after 1 year with similar results (Fig. 6d) indicat-
ing that the clones with this somatic variant have growth or
survival advantage as WT sequence is currently absent in
the yo T cells.
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Fig.5 The patient’s y8 T cells exhibit enhanced and activation-inde-
pendent killing ability towards malignant cell lines. a PBMC killing
assay on Daudi cells (human Burkitt lymphoma, on the left), A549
(human adenocarcinoma, in the middle), and MDA-MB-436 (human
triple breast cancer, on the right) with and without the added Zole-
dronic acid. Patient red, controls blue. b Killing of A549 by isolated
and non-activated Y0 T cells. Error bars represent SEM. Data are

The Novel Somatic p.(Phe178Leu) Variant Affects
the Stability, Protein-Protein Interaction Profile,
and Plasma Membrane Targeting of IL2RG-Pro58Ser

To assess the effect of the new p.(Phel78Leu) variant on the
stability of the IL2RG p.(Pro58Ser), we performed computa-
tional analysis with DynaMut?2 tool [38]. The overall effect of
Phel78Leu substitution for IL2RG was predicted to be stabi-
lizing and IL2RG-Pro58Ser/Phe178Leu to be more stable than
IL2RG-Pro58Ser variant alone (Table S7, Online Resource).
To study if Phel78Leu variant affects plasma membrane tar-
geting or protein interactions of IL2RG, we performed BiolD
proximity labeling in inducible HEK293 cells expressing either
wild-type IL2RG, IL2RG-Pro58Ser, IL2RG-Phel78Leu, or
IL2RG-Pro58Ser/Phel78Leu variants [36]. According to our
results, IL2RG-Pro58Ser and IL2RG-Pro58Ser/Phe178Leu dis-
played highly overlapping but not similar protein—protein inter-
action profiles whereas IL2RG-Phe178Leu had clearly more
overlap with the wild-type IL2RG (Fig. 7a). However, L2RG-
Pro58Ser displayed 15 significantly (<0.01) increased inter-
actions not shared by Pro58Ser/Phe178Leu or other variants.
Some of these proteins were associated with endoplasmic reticu-
lum to Golgi-mediated transport (Fig. 7a, b; Table S8, Online
Resource). Furthermore, in terms of function, IL2ZRG-Pro58Ser/
Phe178Leu had significantly lower amount of interaction with
proteins associated with protein transport (GO0015031) when
compared to all other IL2RG variants (p <0.001, Fig. 7b).
IL2RG-Pro58Ser/Phe178Leu showed significantly increased
(<0.01) interactions with four proteins (Table S8, Online
Resource). These data suggest that the novel somatic Phel78Leu
variant affects the protein—protein interaction profile of IL2RG
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technical replicates combined from two independent experiments,
for a: patient n=6, four independent controls n=12, for b: patient
n=06, four independent controls n=38. ns, non-significant; *p <0.05;
*#p<0.01; ***p<0.001; ****p<0.0001 determined by unpaired
t-test with Welch’s correction. The figure was constructed using the
following software: Microsoft Office Powerpoint (64B), GraphPad
Prism (v.9.2.0)
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Fig.6 Patient's 8 T cells contain somatic ¢.534C>A;
p-(Phel78Leu) variant that gradually becomes predominant in the yd
cell population. Sanger sequencing of the cDNA (a) and gDNA (b)
in patient’s TCRyd+cells. ¢ Sequencing of patient’s TCRaf +cell
cDNA. d Most recent sanger sequencing result of patient’s
TCRyd+cell gDNA. Sequencing presented here is performed on
cells isolated from the patient at the age of 13 (a, ¢, d) and 12 (b),
the time between cell isolation in a and ¢ and in d was 6 months. The
altered base is marked with an arrow. e Molecular modelling of the
somatic p.(Phel78Leu) variant. f Schematic representation of the
IL2RG domain structure. Signal peptide (SP): positions 1-22; extra-

with potential implications in cellular processes such as signal-
ing or localization.

To assess the effect of Phel178Leu on plasma membrane tar-
geting and protein stability, we studied the expression levels of
each IL2RG variant in the abovementioned cell lines by flow
cytometry. In line with the patient’s af cells, Pro58Ser vari-
ant showed significantly reduced cell surface expression when
compared to wild-type IL2RG expressing cell line. However, the
surface expression level of IL2RG-Pro58Ser/Phel78Leu vari-
ant was significantly increased when compared to Pro58Ser but
remained lower than IL2RG wild-type (Fig. 7c). As expected, the
total cell-associated amount of IL2RG-Pro58Ser was also signifi-
cantly lower than in wild-type IL2RG cell line. The Pro58Ser/
Phel78Leu variant showed a trend towards higher total protein
expression level compared to Pro58Ser variant, but this did not
reach statistical significance (Fig. 7d). This data suggests that
somatic Phel178Leu variant partly rescues the maturation defect
caused by Pro58Ser variant in stable HEK293 cell lines.

Discussion
Expansion of yd T cells is a previously recognized phe-

nomenon among patients with atypical SCID [20, 22, 39].
However, the studies on function and phenotype of such

@ Springer

l Phel78Leu

FN-III (2) . ™ | Cytoplasmic |— C

l Pro58Ser

FN-1I1(1) I

cellular (EC): 23-262; fibronectin type III (FN-III) (1) 59-151 and
(2) 154-246; transmembrane (TM): 263-283 and cytoplasmic: 284—
369 (based on NCBI Reference Sequence: NP_000197.1 and Uni-
ProtKB- P31785). Germline p.(Pro58Ser) change marked with black
arrow, somatic p.(Phel78Leu) marked with pink arrow (e—f: modified
form Tuovinen et al., 2020 [17]). The figure was constructed using
the following software: Microsoft Office Powerpoint (64B), Adobe
Tlustrator, PyYMOL(TM) Molecular Graphics System, Version 2.1.0.
Schrodinger, LLC, Maestro Version 12.5.139, MMshare Version
5.1.139, Schrodinger Release 2020-3

atypical SCID-related y8 T cell expansion are very limited.
Some reports have focused on the TCRvy usage or yd T cell
reactivity towards CMV [18, 19, 39]. One article describes
phenotypic characteristics of yd T cells in atypical CD3d
deficiency [22], but more detailed immunophenotyping and
cytotoxic properties have not been described previously.

We previously reported two patients with this novel hypo-
morphic IL2RG c.172C > T;p.(Pro58Ser) variant [17]. The
second patient has been lost to follow-up without knowledge
of his current yd T cell count, which was normal at the age
of 36 days. Since no evident cause for our index patient’s
abnormally large Y& T cell population was found, we wanted
to determine whether these y0 T cells were functional or
merely a reactive expansion, possibly in response to low
counts of aff T cells. Unexpectedly, his yo T cells showed
normal IL2RG cell surface expression (Fig. 1d), cytokine
signaling (Fig. 2a, b), blast formation (Fig. 2c, e), and cyto-
toxic abilities even superior to controls (Fig. 5), despite har-
boring the germline /L2RG p.(Pro58Ser) variant (Fig. S1b,
Online Resource).

In healthy individuals, circulating 0 T cells with higher
IFN-y production expand better and display higher propor-
tions of TCM and TEM subtypes [40]. When compared to
controls, our patient’s yd T cells displayed preponderance
of TEM in both V31 and V82 populations and TCM in V2
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population (Fig. 3c, d). Of note, the patient’s V52 population
seems cytotoxically potent as it presents with overall ten-
dency towards increased perforin expression. Furthermore,
IFN-y production in response to PMA-ionomycin in his yd T
cells was comparable controls (Fig. 3g). High IFN-y secre-
tion in general might reflect readiness to expand and may
potentiate antiviral activities of yd T cells [41-44]. Inter-
estingly, the patient’s Y8 T cells showed lower expression
of activation markers CD25 and CD69 upon anti-CD3/28
stimulation (Fig. S4c-d). Activation mechanisms for these
cells might thus be at least partially non-conventional.

The sequencing of the patient’s TCRy chain revealed an
accumulation of certain clones; however, no true mono- or
oligoclonality was detected. Among healthy donors, certain
Vy9Vd2 + clonotypes seem to predominate in TCR deep
sequencing. Up to 80% of Vy9 repertoire is composed of
these public clonotypes putatively caused by convergent
recombination [25]. In a minority of healthy donors, the top
clone can comprise 20-40% of all Vy9 and V52 CDR3s.
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surface (c) and total cell-associated (d) expression of CD132 in indi-
cated HEK293 cell lines. IL2ZRG WT normalized as one. In ¢ and d,
data are technical replicates combined from four independent experi-
ments (n=6 in ¢ and n=5-6 in d). Error bars indicate SEM. ns, non-
significant; *p<0.05; **p<0.01; ****p<0.0001 determined by
unpaired #-test with Welch’s correction. The figure was constructed
using the following software: Microsoft Office Powerpoint (64B),
ProhitsViz, GraphPad Prism (v.9.2.0), FlowJo (v.10.7.2)

Interestingly, the most prevalent public clonotype (CAL-
WEVQELGKKIKVF) described in many previous studies
[25, 45, 46] was discovered in both controls at productive
frequency of 6% but only 0.2% in the patient. Of note, while
the patient’s most prevalent clone is a known Vy9 clonotype
[47], none of the five most common public VY9 clones listed
in [25] was found in his top ten Vy9 repertoire (Table S4,
Online Resource). This data indicates a versatile and unique
TCRy repertoire, which likely did not arise merely as a reac-
tive expansion in response to low off T cell percentage.

v0 T cells have been described to have oncolytic proper-
ties and have been used as cell platforms for cancer therapy
[48, 49]. As the patient had high levels of yd T cells in his
peripheral blood, we wanted to test if they possessed cyto-
toxic abilities against tumor cell lines. With killing assays
conducted on PBMCs, significantly higher degree of cyto-
toxicity, further increased by addition of zoledronic acid
which induces expression of isopentenyl pyrophosphate
(IPP), a known target for y8 T cells [50, 51], was observed
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(Fig. 5a). To exclude the effect of higher proportion of yd
T cells in the patient’s PBMCs, the assay was repeated with
freshly isolated Yy T cells. The results were similar but inter-
estingly, with a less sensitive cell line A549, the patient’s yd
T cells showed significantly higher cytotoxicity compared
to controls’ y8 T cells (Fig. 5b) indicating a highly reactive
v0 T cell pool. However, this result might possibly reflect
powerful anti-tumor properties of certain clones.

While expansion of y8 T cells among patients with atypi-
cal SCID has been reported, we found only one available
larger cohort study on this. In a cohort of 76 atypical SCID
patients, up to 60% of patients had elevated v T lympho-
cyte proportions in their peripheral blood. This yd T cell
expansion positively correlated with CMV infection and
autoimmune cytopenia, suggesting that CMV infection may
drive yO T cell expansion and that such expansions might
further be causing autoimmune cytopenia [20]. RAGI-asso-
ciated SCID and atypical SCID with CMV-driven yd T cell
expansions have been reported [18, 19], and interestingly all
patients with documented CMV infection in cohort of Tom-
etten et al. had RAG deficiency [20]. Since not all atypical
SCID patients with y3 T cell expansions harbor CMV infec-
tion, other yet undiscovered factors must contribute to such
expansions and remain to be elucidated. There is no clear
indication of CMV as the driver for yd T cell expansion in
our patient; when increased yd T cell numbers were noted,
the PCR test for CMV was negative.

In their cohort, Tometten et al. found elevated yd T cell
proportions among patients with all types of atypical SCID
and the authors postulated these to be a general feature of
atypical SCID and not a reflection for example of aff T
cell developmental defect. However, a trend towards DNA
recombinase deficient patients displaying higher amounts
of yd T cells was noted [20]. One could also speculate that
partial RAG1/2 deficiency could favor development of y6 T
cells over aff T cells, since commitment of double-negative
(DN) T cells to y5 lineage takes place in DN2 stage before
RAG1/2 expression is turned on in DN3 stage allowing
efficient TCRp rearrangement and further differentiation
towards af T cells [52].

The surface expression of IL2RG was normal on our
patient’s Y& T cells, while significantly reduced on his
ap T cells (Fig. 1d, e). As the levels of total cell-associ-
ated IL2RG were decreased in both aff T and yd T cells
(Fig. S2, Online Resource), increased transcription is
unlikely the mechanism behind normal cell surface expres-
sion in YO T cells. We found a novel IL2RG ¢.534C > A;
p-(Phel78Leu) variant in our patient’s Yo T cells (Fig. 6).
This somatic variant was the only genomic alteration in
addition to ¢.172C > T;p.(Pro58Ser) discovered in his yd
or aff T cells and was not detected in the original exome
sequencing performed at the age of 8. Somatic variants
in lymphocytes are common in healthy individuals and
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patients with inborn errors of immunity [53]. However,
they usually are restricted to a single or certain clones
rather than whole lymphocyte subset (variant allele fre-
quency is relatively low). As initially only part of the
patient’s yd T cells carried the p.(Phel78Leu) variant
(Fig. 6) and the expansion was originally not monoclonal
(Fig. 4a, b), the DNA change has occurred in a progenitor
cell level either in bone marrow or thymus. Hypothetically,
there could be a common precursor that produces exclu-
sively yo T cells, or double-negative (DN) T cells with
IL2RG p.(Phel78Leu) variant may carry selective advan-
tage to differentiate to TCRyd +rather than TCRaf + T
cells in thymus. However, this most likely is not caused
by increased IL-7R-mediated signaling as the patient’s
TCRyd+ cells did not display enhanced responsiveness
to IL-7 (Fig. S3c, Online Resource). The majority of the
patient’s y8 T cells were Vy9V52+, a population known
to be influenced by both pre- and postnatal events [25]. In
conclusion, it can be hypothesized that at some point in the
patient’s yd T cell ontogeny p.(Phel78Leu) has conferred
advantage in function and/or survival. This hypothesis is
further strengthened by the observed enrichment of the yd
T cell population harboring IL2RG p.(Phel78Leu) vari-
ant after in vitro expansion and over time in the patient
(Fig. S6c, d) and with predicted stabilizing effect of the
p.-(Phel78Leu) variant on IL2RG p.(Pro58Ser) (Table S7,
Online Resource). The protein interaction profile of
IL2RG-Pro58Ser/Phel78Leu variant was found to be
slightly different to IL2ZRG-Pro58Ser or wild-type IL2RG
(Fig. 7a, b). As shown before, IL2ZRG-Pro58Ser variant
showed increased interactions with ER/Golgi and nuclear
proteins (Fig. 7b) [17]. Our BiolD analysis revealed 15
significantly increased protein interactions limited to
IL2RG-Pro58Ser variant (Table S8, Online Resource).
As these interactions — including the abovementioned
ER/Golgi proteins — were not shared with the IL2RG-
Pro58Ser/Phel178Leu, it is possible that they are contrib-
uting to the observed difference in plasma membrane tar-
geting. Furthermore, IL2RG-Pro58Ser/Phel78Leu variant
showed enhanced plasma membrane targeting compared
to Pro58Ser variant alone in stable HEK293 cell lines
(Fig. 7c). In silico, Phel178Leu is predicted to be stabiliz-
ing (Table S7, Online Resource) and possibly due to this
stabilizing effect the total cell-associated levels of IL2RG-
Pro58Ser/Phel78Leu are reduced to a lesser degree than
IL2RG-Pro58Ser when compared to IL2RG WT in our
HEK?293 cell lines (Fig. 7d) as well as in the patient’s Y0
T versus his ap T cells (Fig. 1d, e).

However, the physiological meaning of these find-
ings cannot be directly translated to in vivo conditions
as numerous factors might contribute to plasma mem-
brane targeting in cell type—specific manner. Further-
more, Phel78Leu change can also affect interactions with
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other receptor subunits associated with IL2RG signal-
ing expressed in lymphocytes but not in HEK293 cells.
These differences between cell types could explain why
IL2RG-Pro58Ser/Phel178Leu cell surface levels are not
equal to wild-typein our HEK293 cell model. However,
since the patient’s yd T cells with the somatic variant dis-
play normal cell surface expression levels CD132 and as
the IL2RG-Pro58Ser/Phel78Leu variant displays higher
cell surface levels than IL2RG-Pro58Ser in HEK293 cell
lines, it can be concluded that Phel78Leu is at least par-
tially rescuing the effect of Pro58Ser in terms of plasma
membrane targeting. As Phel78Leu variant is in the extra-
cellular domain of IL2RG, it could theoretically alter its
cytokine binding abilities. However, as these yd T cells are
hyperreactive towards certain cancer cell lines (Fig. 5b),
there might be other undiscovered factors explaining cer-
tain functional properties.

Since the IL2RG p.(Phel78Leu) second-site genetic
alteration appears to — at least partially — abrogate
the negative effect of the germline Pro58Ser variant in
terms of localization, it can be considered as a second-
site genetic reversion. To our knowledge, this is the
first in-depth report of characterizing the functionality
of expanded yd T cell population in an individual with
atypical SCID and describing positively affecting somatic
second-site reversion restricted to yd T cells. We sought
for more atypical SCID patients with no success, probably
due to the rareness of the disease. However, based on our
findings, further investigation of the functional abilities of
expanded yd T cell populations in patients with atypical
SCID will be needed.
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