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Background: Shearer et al in 2014 articulated well-defined
criteria for the diagnosis and classification of severe combined
immunodeficiency (SCID) as part of the Primary Immune
Deficiency Treatment Consortium’s (PIDTC’s) prospective and
retrospective studies of SCID.

Objective: Because of the advent of newborn screening for
SCID and expanded availability of genetic sequencing, revision
of the PIDTC 2014 Criteria was needed.

Methods: We developed and tested updated PIDTC 2022 SCID
Definitions by analyzing 379 patients proposed for prospective
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enrollment into Protocol 6901, focusing on the ability to
distinguish patients with various SCID subtypes.

Results: According to PIDTC 2022 Definitions, 18 of 353
patients eligible per 2014 Criteria were considered not to have
SCID, whereas 11 of 26 patients ineligible per 2014 Criteria
were determined to have SCID. Of note, very low numbers of
autologous T cells (<0.05 x 10°/L) characterized typical SCID
under the 2022 Definitions. Pathogenic variant(s) in SCID-
associated genes was identified in 93% of patients, with 7 genes
(IL2RG, RAG1, ADA, IL7R, DCLREIC, JAK3, and RAG2)
accounting for 89% of typical SCID. Three genotypes (RAGI,
ADA, and RMRP) accounted for 57% of cases of leaky/atypical
SCID; there were 13 other rare genotypes. Patients with leaky/
atypical SCID were more likely to be diagnosed at more than
age 1 year than those with typical SCID lacking maternal T
cells: 20% versus 1% (P <.001). Although repeat testing proved
important, an initial CD3 T-cell count of less than 0.05 x 10°/L
differentiated cases of typical SCID lacking maternal cells from
leaky/atypical SCID: 97% versus 7% (P <.001).

Conclusions: The PIDTC 2022 Definitions describe SCID and its
subtypes more precisely than before, facilitating analyses of
SCID characteristics and outcomes. (J Allergy Clin Immunol
2023;151:547-55.)

Key words: Severe combined immunodeficiency, SCID, typical
SCID, leaky/atypical SCID, Omenn syndrome, newborn screening

Severe combined immunodeficiency (SCID) is a group of rare
genetic disorders that share a common phenotype of low numbers
of autologous T lymphocytes with deficient numbers or function
of B and/or natural killer cells, causing affected individuals to be
at risk for severe and life-threatening infections." The
immunodeficiency can be so profound that some patients are inca-
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Abbreviations used

ERT: Enzyme-replacement therapy

GT: Gene therapy

HCT: Hematopoietic cell transplantation

NBS: Newborn screening
PIDTC: Primary Immune Deficiency Treatment Consortium

SCID: Severe combined immunodeficiency

TME: Transplacental maternal/maternally engraftment
TREC: T-cell receptor excision circle

pable of rejecting maternal T cells that cross the placenta. Sub-
types of SCID are recognized, including (1) SCID with very
few or undetectable autologous T cells, often with transplacental
maternally engrafted (TME) T cells; (2) SCID with decreased
numbers of T cells and no TME; and (3) Omenn syndrome with
autoreactive/hyperinflammatory T cells and no TME.”

Historically, there was no universal definition of SCID or its
subtypes, which limited multi-institutional studies.>* In 2014, Dr
William Shearer and members of the Primary Immune Deficiency
Treatment Consortium (PIDTC) published a set of criteria devel-
oped to facilitate rigorous observational and prospective studies
of SCID outcomes following hematopoietic cell transplantation
(HCT), gene therapy (GT), or enzyme-replacement therapy
(ERT).” The revised PIDTC 2022 Definitions, published simulta-
neously with this report, were developed to reflect changes in clin-
ical practice, particularly population-based newborn screening
(NBS) for SCID by measuring T-cell receptor excision circles
(TRECsS) in infant dried blood spots; and genetic sequencing,
which has become rapid, inexpensive, and widely available. In
this article, we describe the performance of the PIDTC 2022 Def-
initions, applied to patients proposed for enrollment in a large
prospective study of SCID.
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METHODS

The PIDTC 2014 Criteria, as reported in Shearer et al,” were developed by
analyzing the diagnostic data of patients with center-designated SCID diag-
nosed between 2000 and 2009 and enrolled into Protocol 6902
(NCT10346150), a retrospective natural history study of treatment outcomes
for SCID, using criteria that could be assessed by the Primary Immune Defi-
ciency community at large.” Of the 332 patients, 47 (14%) were deemed inel-
igible due to lack of documented support for a diagnosis of SCID.’ The
remainder were divided into stratum A (typical SCID treated by allogeneic
HCT, 84%), stratum B (atypical subtypes of SCID, such as leaky SCID,
Omenn syndrome, or reticular dysgenesis, all treated by allogeneic HCT,
13%), and stratum C (SCID initially treated by ERT or GT, 3%).

Because of advances in gene mutation analysis and newborn screening, we
recently reassessed the PIDTC 2014 Criteria and formulated revisions to
develop the PIDTC 2022 Definitions with 3 subtypes of typical SCID, leaky/
atypical SCID, and Omenn syndrome (see accompanying article and Tables
E1 and E2 in this article’s Online Repository at www.jacionline.org). Changes
include (1) modification of the term “leaky” to “leaky/atypical”; (2) setting
the T-cell count permissible for typical SCID at less than 0.05 X 10°/L (unless
maternal T cells are present); (3) recognizing a low (<20%) percentage of
naive T cells or presence of oligoclonal T cells as accepted defining features
of leaky/atypical SCID; (4) simplifying criteria for Omenn syndrome by
scoring the number of supporting features, giving 1 point each for eosino-
philia, elevated IgE, abnormal TRECs, lymphadenopathy, hepatosplenome-
galy, or oligoclonal T cells; a score of 2 or more is required; (5) eliminating
reticular dysgenesis as a separate subtype and assigning these patients to a sub-
type on the basis of their phenotypes; and (6) excluding all known thymic dis-
orders (only DiGeorge syndrome was excluded in the 2014 Criteria) and cases
of idiopathic T-cell lymphopenia. The revised PIDTC 2022 Definitions high-
lighted the diagnostic value of pathogenic variant(s) in recognized SCID
genes, while decreasing reliance on the proliferative response to PHA or other
mitogens.

To validate the revised PIDTC 2022 Definitions, we examined baseline
clinical and laboratory findings of 379 patients with center-diagnosed SCID
between 2010 and 2021 proposed for enrollment into the PIDTC Prospective
Protocol 6901 (NCTO01186913) and compared eligibility and cohort
placement for each potential subject using the PIDTC 2014 Criteria versus
the PIDTC 2022 Definitions. Informed consent was obtained by physicians
at treating sites, and eligibility data were provided for review. Patients were
eligible for Protocol 6901 only if consent was obtained before the start of
HCT/GT/ERT. Patients were considered “not SCID” if they did not meet
criteria for any of the 3 subtypes of SCID by 2022 Definitions. Of note,
the case report forms collected only the percentage of CD3/CD4 T cells
that had a CD3/CD4/CD45RO™ memory phenotype (X); therefore, the re-
ported percentage of naive T cells was imputed to be 100-X; this was an
imperfect assumption, because a population of CD45RA/RO double-
positive cells exists.”

TREC testing was performed either by state laboratories as part of
population-wide newborn screening, or in a PIDTC Core Lab, using published
methods.” PHA testing was performed either by incorporation of *H-thymi-
dine (radioactive method) in bulk PBMCs (a mixture of monocytes and lym-
phocytes), or via flow-cytometric analysis of PBMCs, gating on CD45"
lymphocytes and CD3™ T cells. For the radioactive method, the *H-thymidine
incorporated into newly synthesized DNA in the stimulated and unstimulated
cells (background) was expressed as counts per minute and represented as a
percentage of proliferating cells of the patient divided by the lower limit of
proliferating cells of the reference sample (derived from healthy control
data) of the testing laboratory. For the flow-cytometric assay, most laboratories
derived the reference cutoff by the 95% CI of the lower 5Sth percentile of the
healthy cohort data, expressed relative to the lower limit of the healthy control
cutoff.

Statistical analysis

Demographic and disease-related variables were described with the use of
frequencies for categorical variables and medians and ranges for quantitative
variables. The association between variables was assessed using Fisher exact
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test for categorical variables and the Wilcoxon-Mann-Whitney test (for 2
groups) or Kruskal-Wallis (for >2 groups) for continuous variables.

RESULTS
Eligibility status: PIDTC 2014 Criteria versus PIDTC
2022 Definitions

As of September 30, 2021, 379 patients who were reviewed for
eligibility on PIDTC 6901 using 2014 Criteria, including 26
patients (7%) determined to be ineligible, were re-reviewed for
SCID determination and classification using the 2022 Revised
Definitions (Fig 1). The remaining 353 patients eligible per
PIDTC 2014 Criteria were assigned into stratum A (typical
SCID treated with allogeneic HCT; n = 210, 55%), stratum B
(atypical SCID; n = 89, 24%), and stratum C (SCID, either
typical or atypical, treated with ERT or GT; n = 58, 14%). On
re-review and application of the PIDTC 2022 Definitions, 346 pa-
tients were determined to have SCID, of whom 238 (69% of pa-
tients with SCID) had typical SCID, 91 (26%) had leaky/atypical
SCID, and 17 (5%) had Omenn syndrome.

Eighteen patients deemed to be eligible by PIDTC 2014
Criteria were reclassified using the revised 2022 Definitions as
not having SCID (see Table E3 in this article’s Online Repository
at www.jacionline.org). Of these, 5 patients assigned to stratum
A had either no genotype and spontaneous improvement in their
T-cell counts consistent with a diagnosis of idiopathic T-cell lym-
phopenia (n = 2), or thymic dysfunction with pathogenic variants
in FOXNI or FOXI3 (n = 3). Thirteen patients assigned to stratum
B by 2014 Criteria were determined not to have SCID per revised
2022 Definitions, due to pathogenic variants in FOXNI (n = 1), as
well as patients with pathogenic variant(s) in ZAP70 (n = 4),
IL2RG (n = 2), AK2 (n = 1), or PNP (n = 1), and 4 patients
with no established genotype.

Of the 26 ineligible patients by PIDTC 2014 Criteria, 15 were
considered not SCID per the revised 2022 Definitions, including 2
with pathogenic variants in ZAP70 and 13 without identified path-
ogenic gene variants. However, 11 ineligible patients for Protocol
6901 met the PIDTC 2022 Definitions, including 4 for whom con-
sent was obtained after starting treatment (ADA, n = 3; RAGI,
n = 1). Five patients (excluded from Protocol 6901 because of
proliferation to PHA >30%) met the revised 2022 Definitions
for leaky/atypical SCID (1.7% of total), with pathogenic variants
in known SCID-associated genes, including RAC2 (n = 1), RAGI
(n = 1),and RMRP (n = 3); 2 patients lacking a genetic diagnosis
met the revised 2022 Definitions as leaky/atypical SCID on the
basis of low T-cell numbers for age, abnormal TRECs, and low
proliferation.

Subtype designation: PIDTC 2014 Criteria versus
PIDTC 2022 Definitions

Asseenin Fig 1, of the 210 patients considered to have typical
SCID according to PIDTC 2014 Criteria, 28 (13%) were reclas-
sified as leaky/atypical SCID per revised 2022 Definitions due to
CD3 counts more than 0.05 X 109/L, including patients with
pathogenic variant(s) in ADA (n = 2), BCLIIB (n = 1),
CD3D (n = 2), JAK3 (n = 2), LIG4 (n = 1), MAN2B2 (n =
1), NHEJI (n = 1), RAGI (n = 7), RMRP (n = 5), or TTC7A
(n = 1), and unknown (n = 5). Conversely, of the 89 patients
considered to have atypical SCID per PIDTC 2014 Criteria (pri-
marily due to lymphocyte proliferation to PHA >10%), 13
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l

Eligible for Protocol 6901 (n = 353)

Not eligible for Protocol 6901 (n = 26) |

| | }

(n=18)"*

Stratum A: Stratum B: Stratum C:
Typical HCT Atypical HCT GT or ERT
(n=210) (n=289) (n=54)
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no y
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Definitions (n=346)
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atypical CH] atypical Rid atypical & atypical - atypical
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Omenn Omenn
syndrome syndrome
(n=17) (n=17)

FIG 1. Flow diagram of patients with center-diagnosed SCID proposed for enrollment on PIDTC Protocol
6901. Stratum A: patients with typical SCID planned for allogeneic HCT; stratum B: patients with atypical SCID
planned for allogeneic HCT; stratum C: patients with either typical or atypical SCID planned for GT or ERT.

(15%) were reclassified per 2022 Definitions as typical SCID,
including 10 patients with pathogenic variant(s) in AK2 (n =
4), IL2RG (n = 2), IL7R (n = 1), JAK3 (n = 1), PNP (n = 1),
RAGI (n = 1), and RAG2 (n = 1); 2 of these patients had no
identified genotype. All patients assigned to stratum C per
2014 Criteria met the revised 2022 Definitions for either typical
(n = 45) or leaky/atypical (n = 9) SCID. The complete geno-
typic distribution by original 2014 Criteria versus revised
2022 Definitions is presented in Table I.

The PIDTC 2022 Definitions classified more patients with
pathogenic variants in RAG1, RMRP, and certain rare genotypes
as leaky/atypical SCID compared with the PIDTC 2014 Criteria.
With the PIDTC 2022 Definitions, just 7 genotypes (IL2RG,
RAGI, ADA, IL7R, DCLREIC, JAK3, and RAG2) comprised
89% of typical SCID. Leaky/atypical SCID was much more
genetically heterogeneous with 2 genotypes (RAGI, ADA, and
RMRP), representing 57% of cases, and 13 other rare genotypes
identified. According to the PIDTC 2022 Definitions, 5% (17 of
346) of all cases of patients with SCID had Omenn syndrome,
comprising 16% (17 of 108) of patients without typical SCID.
The great majority of cases of Omenn syndrome (88%) were
due to pathogenic variants in RAGI and RAG2; 21% of all patients
with pathogenic RAGI/ and RAG?2 variants developed Omenn
syndrome.

Patient characteristics by PIDTC 2022 Definitions
assignment

To determine how well the revised PIDTC 2022 Definitions
separated patients into distinct subtypes, we analyzed various
diagnostic features (Table II). Because the clinical and

laboratory characteristics of patients with typical SCID may
differ depending on whether maternal T cells are present, we
further separated typical SCID into 3 subgroups on the basis
of whether TME was detected, tested and not detected, or un-
known (not tested).

Pathogenic variants in 1 of 18 SCID-causing genes were
identified in 322 of 346 (93%) patients overall, more commonly in
patients with typical (95%) versus leaky/atypical (87%) SCID
(P = .02). Patients with typical SCID came to clinical attention
(had their first T-cell count performed) at a younger median age
than those with leaky/atypical SCID: 0.61 months (range,
0-37.3 months) versus 1.08 months (range, 0-161.7 months)
(P <.001) (Fig 2). Remarkably, 18 of 91 (20%) of those with
leaky/atypical SCID were diagnosed at age older than 1 year,
compared with 4 of 71 (6%) of those with typical SCID and de-
tected TME and 2 of 165 (1%) of those with typical SCID without
known evidence of TME (P < .001). This effect was primarily
confined to those patients without an NBS test consistent with
SCID (median age at diagnosis for typical was 4.5 months vs
leaky/atypical median age of 11.2 months; P =.006); patients re-
ported to have an NBS test consistent with SCID had only a trend
toward lower median age at diagnosis for typical SCID (0.36
months) versus leaky/atypical (0.82 months; P = .055). The me-
dian T-cell count in typical SCID without TME was 0.005 X 10°/
L (range, 0-0.135), compared with 0.174 X 10°/L (range, 0.021-
5.67) in those with leaky/atypical SCID.

Those with typical SCID without known TME were more
likely (97%; 162 of 167) to have initial CD3 counts less than
0.05 X 10°/L than those with positive TME (54%; 37 of 69; P <
.001). Only 6 of 90 (7%) patients with leaky/atypical SCID had
initial CD3 counts less than 0.05 X 10°/L (P <.001, compared
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TABLE l. Genotypic distribution of patients with SCID per PIDTC 2014 Criteria vs PIDTC 2022 Definitions

PIDTC 2014 Criteria

PIDTC 2022 Definitions

Not Overall Typical Leaky / atypical Omenn
Genotype Overall Stratum A Stratum B Stratum C eligible SCID SCID SCID syndrome Not SCID
IL2RG 106 81 9% 16 — 104 99 5 — 2
RAGI 58 25F 31* — 2 58 20 24 14 —
ADA 41 7t 3 28 3 41 26 15 — —
IL7R 24 22 2% — — 24 23 — 1 —
DCLREIC 22 10 2 10 — 22 20 2 — —
JAK3 18 15F 3% — — 18 14 4 — —
RAG2 15 10 5 — — 15 11 3 1 —
RMRP 14 67 5 — 3 14 1 13 — —
CD3D 8 8t — — — 8 6 2 — —
AK2 6 — 6% — — 5 4 — 1 1
PNP 4 — 4% — — 3 1 2 — 1
MSN 2 1 1 — — 2 1 1 — —
LIG4 2 1§ 1 — — 2 — 2 — —
NHEJ1 2 1t 1 — — 2 — 2 — —
BCLIIB 1 1t — — — 1 — 1 — —
MAN2B 1 1f — — — 1 — 1 — —
TTC7A 1 1t — — — 1 — 1 — —
RAC2 1 — — — 1 1 — 1 — —
ZAP70 4 — 4 — — — — — — 4
FOXNI 3 2 1 — — — — — — 3
FOXI3 1 1 — — — — — — — 1
Unknown 30 15F 11* — 2 24 12 12 — 6
Total 3641 210 89 54 11 346 238 91 17 18

Stratum A: Typical SCID undergoing allogeneic HCT; stratum B: atypical SCID (leaky or Omenn or reticular dysgenesis) undergoing allogeneic HCT; stratum C: typical or

atypical SCID undergoing autologous GT or ERT.

*Twelve patients (IL2RG,n = 2; RAGI,n = 1; IL7R,n = 1, JAK3,n = 1, AK2,n = 4; PNP, n = |; unknown, n = 2) were moved from stratum B to typical SCID per PIDTC 2022

Criteria.

TTwenty-eight patients (RAGI, n = 7; ADA, n = 2; JAK3,n = 2; RMRP,n = 5; CD3D, n = 2; LIG4,n = 1; NHEJI,n = 1; BCLIIB,n = 1; MAN2B,n = 1; ORAIl,n = 1;
TTC7A, n = 1; unknown, n = 4) were changed from stratum A to atypical/leaky SCID per PIDTC 2022 Criteria.
1Of the 379 total patients, 15 who were not eligible per PIDTC 2014 Criteria and remained “not SCID” per PIDTC 2022 Criteria are not included in this table.

with typical SCID without known TME). A confirmatory T-cell
count was performed in 180 of 345 (52%) patients; 161 (89%)
were broadly concordant (both <0.005 X 10°/L or both
>0.005 X 10°/L). Patients with TME had the highest likelihood
of discordance: 9 of 39 (23%). Four patients (2%) had initial
T-cell counts greater than or equal to 0.05 X 10°/L but dropped
to less than 0.05 X 10°/L on a second determination, including pa-
tients with pathogenic variant(s) in AK2 (n = 1), IL2RG (n = 1),
RAGI (n = 1), and none (n = 1), classifying them as typical
SCID. Conversely, 6 (3%) patients with leaky/atypical SCID
had initial T-cell counts less than 0.05 X 10°/L, but their T cells
subsequently increased to greater than or equal to 0.05 X 10%/
L, including patients with pathogenic variant(s) in IL2RG (n =
1), RAGI (n = 1), RAG2 (n = 1), LIG4 (n = 1), and none (n = 2).

Overall, 239 of 345 (69%) patients had NBS performed, with
another 69 having research-level TREC testing. When performed,
TREC testing result was abnormal in 97% (298 of 308) of
patients; patients with normal TRECs are reported in Table E4 in
this article’s Online Repository at www.jacionline.org. Both
typical and leaky/atypical SCID had more than 80% of T cells
having a memory CD4"CD45RO™ phenotype where recorded
(55% of typical and 41% of leaky/atypical SCID). Testing for
clonality of T-cell receptors was rarely performed, but when
tested, oligoclonal T cells were noted in 50% of typical SCID
and 40% of leaky/atypical SCID cases. TME was ascertained in
64% of patients with typical SCID and was positive in 46% (71
of 153) of those in whom it was evaluated (Table III); there was
significantly less TME in ADA SCID compared with all other

genotypes (P = .01), but no difference in incidence of TME be-
tween the 6 other most common genotypes (P =.51). The distinc-
tive clinical and laboratory features of Omenn syndrome were
uncommon in typical or atypical/leaky SCID. There were 32 pa-
tients who met the 2 key criteria for Omenn syndrome: more than
80% memory T cells and generalized rash. Of these, 25 had an
Omenn syndrome score of 2 or more, of whom 17 met the other
criteria for Omenn syndrome (pathologic gene variant(s) and
negative TME testing result); 7 were patients with typical SCID
and positive TME testing result (the score may have reflected
graft-versus-host disease mediated by maternal T cells); and 1
was classified as atypical SCID due to a lack of identified patho-
logic gene variant(s).

The proliferative response to PHA was less than 10% of the
lower end of the reference range in 88% of patients with typical
SCID, compared with 41% of those with leaky/atypical SCID
(P <.001). When PHA was performed by flow cytometry (n = 91),
permitting comparison of gating on CD45™ total lymphocyte
versus CD3 " T-cell populations, 38.1% of patients had a higher
PHA proliferation category (0%, 1%-9%, 10%-29%, 30%-49%,
or >50%) in their CD3* population than in their CD45" popula-
tion and 26.2% (22 of 84) had PHA proliferation in the CD3™ gate
more than 30% of the lower boundary of the reference range (see
Table E5 in this article’s Online Repository at www.jacionline.
org). Patients without known TME or Omenn syndrome with a
CD3 count of less than 0.05 X 10%/L were more likely to have pro-
foundly decreased (<10%) proliferation of total PBMCs to PHA:
92% (82 of 89) versus 34% (21 of 62) for patients with CD3 count
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TABLE Il. SCID subtype and diagnostic features according to PIDTC 2022 Definitions
Typical SCID
All typical TME tested TME unknown TME tested and Leaky/atypical Omenn
Diagnostic features SCID and detected (not tested) not detected SCID syndrome
N (total = 346) 238 71 85 82 91 17
Pathogenic gene 226 (95%) 66 (93%) 84 (99%) 76 (93%) 79 (87%) 17 (100%)
variant identified
Age at first CD3 0.61 (0-37.3) 1.3 (0-37.3) 0.46 (0-9.9) 0.39 (0-19.7) 1.08 (0-161.7) 0.99 (0.03-6.44)
count (mo),
median (range)
Age <ly 232 (97%) 67 (94%) 85 (100%) 80 (98%) 73 (80%) 17 (100%)
Age 1-2y 5 3 0 2 8 0
Age 2+ y 1 1 0 0 10 0

Initial CD3 count
(X10°/L), median
(range)

Initial CD3 count
<0.05 X10°/L,

n (%)

Second CD3 count
concordant™

CD4/CD45RO >80%

Abnormal TRECs

Oligoclonal T cells

Generalized rash

Elevated eosinophils

Elevated IgE level

Lymphadenopathy

Organomegaly

OS score of >2 in

0.008 (0-8.898)

199 (84)

111 of 124 (90%)

52 of 94 (55%)

200 of 206 (97%)

7 of 14 (50%)
30 (13%)
30 (13%)
13 of 145 (9%)
8 (3%)
15 (5%)
7 of 14 (50%)

0.046 (0-8.898)

37 (52)

30 of 39 (77%)

29 of 47 (62%)

61 of 64 (95%)

2 of 6 (33%)

15 (21%)

16 (23%)

6 of 49 (12%)
6 (8%)

9 (13%)

7 of 10 (70%)

0.004 (0-0.460)

83 (98)

33 of 35 (94%)

11 of 21 (52%)
67 of 69 (97%)
0of 1
5 (6%)
9 (11%)
2 of 52 (4%)
1 (1%)
2 (2%)
0of 2

0.005 (0-0.135)

79 (96)

48 of 50 (96%)

12 of 26 (46%)
72 of 73 (99%)
5 0f 7 (71%)
10 (12%)

5 (6%)
5 of 44 (11%)
1 (1%)

4 (5%)

0of 2

0.174 (0.021-5.67)

6

44 of 49 (90%)

31 of 75 (41%)
84 of 88 (95%)
6 of 15 (40%)
17 (19%)
14 (15%)
17 of 65 (26%)
3 (3%)
5 (6%)
1 of 8 (13%)

2.159 (0.036-44.366)

1(5)

17 of 17 (100%)
14 of 14 (100%)
6 of 6 (100%)
17 (100%)

15 (88%)

12 (71%)

9 (53%)

4 (24%)
17 (100%)

patients with

>80% memory

T cells &

generalized rash
PHA, median (range)

0% (0%-100%) 1% (0%-77%)

0% (0%-27%)

0% (0%-100%) 16% (0%-100%) 16% (1%-100%)

<10% 179 (88%)1 52 (718%)t 60 (95%)t 67 (92%)t 35 (41%)t 6 (38%)T
10%-29% 20 12 3 5 19 6
30%-49% 2 2 0 0 10 0
>50% 2 1 0 1 21 4
Not done 35 4 22 9 6 1

Values are n (%) unless otherwise indicated.

PHA, Phytohemagglutinin (of bulk lymphocytes); OS, Omenn syndrome.
*Concordant CD3 counts: both <0.005 X 10°/L or both >0.005 X 10%/L.
fPercentage of those with test performed.

greater than or equal to 0.05 X 10°/L (P <.001). In Fig 3, the high-
lighted boxes indicate 2 groups of patients for whom the 2014
Criteria gave different classifications than do the 2022 Defini-
tions: patients formerly called atypical SCID solely on the basis
of PHA more than 10%, and formerly called typical SCID on
the basis of having 0.05 X 10° to 0.3 X 10° T cells/L and a
PHA proliferation of more than 10%.

DISCUSSION

The diagnosis of SCID in the United States and Canada has
transformed in the past decade compared with the period 2000 to
2009, largely due to the introduction of population-based NBS
with the TREC assay throughout the United States and much of
Canada.® Advances in genetic sequencing and interpretation of
pathogenic gene variants have also been critical, with sequence-
based diagnosis now standard of care. As a result of these

changes, diagnosis has been made earlier in life and with higher
accuracy, with fewer patients proposed for inclusion in the pro-
spective study being found to not have SCID between 2010 and
2021 compared with the previous decade (7% for PIDTC 6901
vs 14% for PIDTC 6902).° In addition, a higher proportion of
cases were identified to have SCID-causing pathogenic gene var-
iants (93% vs 69% in 2000-2009), and more cases of atypical
(leaky/atypical SCID and Omenn syndrome) were diagnosed:
108 of 346 (31%) all SCID in the period 2010 to 2021 versus
40 of 285 (14%) all SCID in the period 2000 to 2009.”

A major change in the revised PIDTC 2022 Definitions is a
6-fold decrease in the threshold value of the absolute T-cell count
from 0.3 X 10°/L to 0.05 X 10°/L for patients without TME. This
criterion effectively distinguishes patients considered to have
typical SCID without TME, who also tended to have pathogenic
gene variants, very few or absent TRECs on NBS, and/or few or
undetectable naive T cells. Rare patients (3%) developed more T
cells over time in the absence of known TME; these are more
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FIG 2. Age at first CD3 count in months (log-scale) by PIDTC 2022 Criteria subtype classification.

TABLE lll. Maternal engraftment according to genotype in typical SCID by PIDTC 2022 Definitions

TME unknown

Genotype All typical TME tested and detected (not tested) TME tested and not detected % of typical SCID with known TME*
IL2RG 99 32 38 29 52%
ADA 26 1 15 10 9%
IL7R 23 6 12 5 55%
DCLREIC 20 6 3 11 35%
RAGI 20 4 8 8 25%
JAK3 14 7 3 4 64%
RAG2 11 6 1 4 60%
CD3D 6 - 3 3 0%
AK2 4 3 1 — 75%
RMRP 1 1 — — 100%
PNP 1 — — 1 0%
MSN 1 — — 1 0%
Unknown 12 5 1 6 45%
Total 238 71 85 82 46%

*TME testing performed and result reported as positive or negative.

concerning diagnostically than those who started with more than
0.05 X 10°/L T cells that subsequently decreased. Some patients
with rising T-cell numbers may have had expansion of transpla-
centally acquired maternal T cells (although not all patients
were tested for this); others could have had expansion of oligoclo-
nal host T cells (but only few patients were tested for this); still
others might have had idiopathic T-cell lymphopenia (if no iden-
tified pathogenic gene variants) that could resolve over time
without treatment. This uncertainty highlights the importance of
repeat testing of T-cell counts over at least 8 weeks, as well as un-
dertaking vital diagnostic measures, including genetic
sequencing and assessment of maternal T-cell engraftment. The
measurement of naive and memory T-cell populations is espe-
cially important in the diagnosis of leaky/atypical SCID. TCR
clonality testing was rarely performed from 2010 to 2021, but
newer techniques may help characterize restricted repertoires in
patients with SCID."’

Although age at first T-cell count was higher in patients with
leaky/atypical SCID than in typical SCID, this was likely a

reflection of the fact that some patients in this cohort were
diagnosed before the introduction of NBS in their region, because
false-negative SCID NBS results are extremely rare (2 cases in 3.2
million births),"' and mainly due to late-onset ADA deficiency.'”
We therefore anticipate that—in future cohorts recruited from re-
gions with fully implemented SCID NBS—there will not be a dif-
ference in age at diagnosis between SCID subtypes.

The PIDTC 2022 SCID Definitions have retained defective
mitogen proliferation as a supporting feature, though low prolif-
eration of bulk or CD45™ populations appears to be primarily a
reflection of extremely low T-cell numbers. Testing proliferative
responses remains challenging in severely T-lymphopenic pa-
tients because of the substantial blood volumes required. More-
over, there were rare patients (<2% of total SCID cases) who
had more than 30% PHA proliferation, who were formerly
considered not to have SCID per PIDTC 2014 Criteria, but who
met PIDTC 2022 Definitions for leaky/atypical SCID.

Another important distinction between the PIDTC 2014
Criteria and 2022 Definitions is the specific exclusion of patients
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FIG 3. Relationship of absolute CD3 count to total PBMCs proliferative response to PHA for typical vs leaky/
atypical SCID. Quadratic trend (black line) of higher PBMCs proliferative response to PHA in patients with
higher final (using second value, when available) CD3 counts, including only patients with negative testing
result for TME and omitting patients with Omenn syndrome. The PIDTC 2022 Criteria consider patients with
typical SCID to be those with final (using second value, when available) CD3 counts less than 0.05 X 10%/L,
irrespective of proliferation; most (91.8%) cases also have poor proliferation (<10%) of PBMCs to PHA (P <
.001); some (red-dotted box) have modest proliferation and would have been considered leaky/atypical
SCID per PIDTC 2014 Criteria. Most patients (66.1%) with CD3 counts more than 0.05 X 10%L have low/
normal proliferation (>10%) of PBMCs to PHA, though some (blue-dotted box) have poor proliferation
(<10%) and would have been considered typical SCID per PIDTC 2014 Criteria.

with known idiopathic T-cell lymphopenia and all thymic defects,
including complete DiGeorge syndrome or pathogenic variants in
FOXNI. These patients are not effectively treated with HCT.
Furthermore, the PIDTC 2022 Definitions now exclude most
cases of combined immunodeficiency disorders in which T cells
may develop but are nonfunctional, such as those due to patho-
genic variants in ZAP70.'*'* Rare patients (7%) without an iden-
tified pathogenic gene variant met the PIDTC 2022 Definitions,
especially those classified as atypical SCID. Additional SCID-
causing gene defects likely remain to be discovered, consistent
with the discovery of new SCID genotypes in the last decade,
including MSN, MAN2B2, and BCLIIB."™'7 Alternatively,
some patients may have had incomplete genetic evaluations
without whole-exome/genome testing'®; others may have had un-
recognized thymic disorders'® or idiopathic T-cell lymphope-
nia.'" Because patients lacking identified pathogenic variants
have had worse outcomes following HCT,* this is an important
area for further investigation.

Omenn syndrome remains rare, found in only 5% of all cases of
SCID, and 16% of non-typical SCID. We previously reported that
5% of all SCID cases from 1982 to 2012 were considered to have
Omenn syndrome, but Omenn syndrome represented 33% of
patients without typical SCID.?" It is possible that earlier diag-
nosis of SCID due to NBS is facilitating pre-emptive HCT in
some patients whose clinical picture would otherwise have
evolved from leaky SCID to Omenn syndrome. The fact that
14% to 25% of patients with leaky/atypical SCID had some com-
bination of generalized rash, elevated eosinophils, or elevated IgE
supports this hypothesis, and suggests that clinicians should have

a high index of suspicion that such infants may be at risk of pro-
gression to Omenn syndrome.

The implications of the revisions to SCID subtype classifica-
tions will require additional analyses to be fully understood.
Previous studies by the PIDTC did not show a difference in post-
HCT overall survival based on whether a patient was assigned to
stratum A (typical) or B (atypical) SCID.”"*' Now that some pa-
tients have been reassigned, determined to not have SCID, or
newly included as SCID, this conclusion may change. Analyses
of the precise role of conditioning may be enhanced by a more
rigorous distinction between typical and leaky/atypical SCID.
Furthermore, because patients with SCID can develop infections
before HCT even when identified by NBS,”" it may be informative
to analyze whether patients with leaky/atypical SCID have suffi-
cient residual immunity to provide some degree of protection
from these infections.

This analysis regarding the PIDTC 2022 SCID Definitions has
several limitations. Importantly, there is no “criterion standard”
for the diagnosis of SCID, such that any evaluation of the perfor-
mance of new criteria/definitions can only be assessed in a semi-
critical fashion compared with previous criteria. Second,
although the PIDTC 6901 prospective study requested reporting
of uniform evaluations at time of diagnosis, investigations were
not universally performed; some data are missing, which could
potentially shift patients from the typical to leaky/atypical cate-
gory, or vice versa. Furthermore, the study captured only the per-
centage of memory T cells; these were not necessarily the inverse
of naive T cells, absence of which is a better marker of leaky/atyp-
ical SCID and will be used moving forward. In the future,
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consideration of the effects of specific gene variants (eg, null vs
hypomorphic) may further facilitate categorization, and our cur-
rent PIDTC study is assessing all enrollees for these variants. In
addition, it is possible that some of the patients without identified
pathogenic gene variants did not actually have SCID, but rather
had thymic defects or other T-lymphopenic disorders. The PIDTC
2022 Definitions may not be suitable for retrospective use in pa-
tients diagnosed before 2010, because elements of current diag-
nostic testing were not widely available. Finally, some centers
may not have submitted cases that they knew would not fit the
PIDTC 2014 Criteria, causing omission of patients who would
now fit the PIDTC 2022 Definitions.

In conclusion, based on recent diagnostic advances, the revised
PIDTC 2022 Definitions provide more stringent definitions of
SCID than the PIDTC 2014 Criteria. The new definitions will
facilitate rigorous analyses of patient outcomes following various
approaches to definitive therapy (HCT or GT). This in turn may
provide clinicians with increased insights into risks of progression
to Omenn syndrome, resistance to engraftment, and other factors.
We anticipate that, by the time of the next revision, advances in
immunologic profiling,'’ genetic testing and variant interpreta-
tion,>> and evaluations of thymic function”>** will allow these
and other methodologies to be incorporated into the future classifi-
cation of patients with SCID, further honing the SCID categories.

This article is dedicated to the memory of William T. Shearer, MD, PhD
(1937-2018). Brent Logan, PhD, provided valuable statistical advice.

Clinical implications: The revised PIDTC 2022 Definitions bet-
ter distinguish typical SCID, leaky/atypical SCID, and Omenn

syndrome and should be used to classify patients with SCID
for analyses of treatment outcomes.
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TABLE E1. PIDTC Criteria and Definitions for SCID: 2014 vs 2022

J ALLERGY CLIN IMMUNOL
FEBRUARY 2023

Criterion

Typical SCID

Leaky/atypical SCID

2014 Criteria

2022 Definition

2014 Criteria

2022 Definition

Diagnosis requires

Criteria ] & 2 & 4
OR Criterion 3 & 4

Absence/very low T cells
(<0.3 X 10°/L)

Proliferation <10% to PHAT
Presence of TME

Absence of:

@ HIV infection

® DiGeorge syndrome

® MHC class I or class II
deficiency

® Metabolic conditions that
imitate SCID

Criteria 1 & 2 OR Criteria 1
& 3

OR Criterion 4

Very low T cells (<0.05 X
10%/L)*

Pathogenic gene variant(s)

No alternate explanation for
low T-cell count}

AND, EITHER:

Undetectable or low TRECs

OR

<20% of CD4™ T cells have
naive cell surface markers

Presence of TME

All 4

Reduced number of CD3 T
cells:

e forupto2y,<1.0 X 10°L

® for >2 up to 4 y, <0.8 X
10°/L

® for >4y, <0.6 X 10°/L

Absence of TME
Proliferation <30% to PHAT

Absence of:

@ HIV infection

® DiGeorge syndrome

® MHC class I or class II
deficiency

® Metabolic conditions that
imitate SCID

Criteria 1 & 2 & 4
OR Criteria 1 & 3 & 4

Two or more of:

® Low T-cell number for age
(0.05-1.0 X 10%/L)

® Oligoclonal T cells

® Abnormal TRECs OR
<20% of CD4™ T cells
are naive

Pathogenic gene variant(s)

Reduced proliferation
(<50%) to PHA, anti-CD3,
or anti-CD3/CD28

Does not have:

® Other SCID subtype

® CID with known genotype

® Thymic disorder

® Other disorder with low
T-cell numbers

CID, Combined immunodeficiency.
*T-cell subset determination should be repeated at least once, with the second test used as the criterion value. In patients with an identified pathogenic variant, the interval between
tests must be at least 1 wk; however, in patients without an identified pathogenic gene variant, the T-cell number must remain <0.05 X 10°/L for at least 8 wk to qualify as typical
SCID due to the potential for spontaneous improvement, with a shorter interval only if urgent hematopoietic cell transplant is required before 8 wk.

FIf PHA not performed, presence of pathogenic gene variant(s) could suffice.

TAlternate explanations for low T-cell counts include those listed in Criterion 4 of leaky/atypical SCID.
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TABLE E2. PIDTC Criteria and Definitions for Omenn syndrome: 2014 vs 2022

Omenn syndrome

Criterion

2014 Criteria

2022 Definition

Diagnosis requires

1

Criteria 1 & 2 & 3 AND EITHER
Criterion 4 OR Criteria 5 & 6
Generalized rash

All 4 Criteria

>80% of CD4" T cells have CD45RO™ memory phenotype

2 Absence of TME Pathogenic gene variant(s)
3 Detectable T cells (>0.3 X 10°/L) Generalized rash
AND
Absence of TME
4 Absent or low (<30% of normal) T-cell proliferation to antigens Two or more of:
(Candida/Tetanus) to which the patient had been exposed ® Eosinophilia (>0.8 X 10°/L)
o Elevated IgE
® Abnormal TRECs
® Lymphadenopathy
® Hepatomegaly and/or splenomegaly
® Oligoclonal T cells
5 At least 1 of: —
@ >80% memory CD4"/CD45RO™ T cells
® Oligoclonal T cells
® Proliferation <30% to PHA
@ Pathogenic gene variant(s)
6 At least 3 of: —

® Hepatomegaly

® Splenomegaly

® Lymphadenopathy

® Eosinophilia

o Elevated IgE

@ Other options in Criterion 5
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TABLE E3. Patients eligible per PIDTC 2014 Criteria but determined to be not SCID per PIDTC 2022 Definition

J ALLERGY CLIN IMMUNOL

FEBRUARY 2023

Patient Original Genotype |Initial CD3 Abnormal >80% memory Oligoclonal
no. stratum identified (x10°/L) TRECs T cells T cells PHA Notes Final diagnosis
131247 Typical  FOXNI 0.007 Yes Yes No 4% Thymic disorder
146973  Typical  FOXNI 0.093 Yes Not done Not done 6% Thymic disorder
147520  Atypical FOXNI 0.078 Yes No Not done 30% Thymic disorder
152010  Typical FOXI3 0.091 Not done  Not done Not done 8% Thymic disorder
130207 Typical  Not found 0.026 Yes No No 10%  Spontaneous T-cell Idiopathic T-cell
improvement lymphopenia
166278 Typical  Not found 0 Yes No Not done 2%  Spontaneous T-cell Idiopathic T-cell
improvement lymphopenia
120959  Atypical ZAP70 4.008 No Not done Not done 1% CID with T-cell
dysfunction
129053  Atypical ZAP70 2.709 Yes Not done Not done 0% CID with T-cell
dysfunction
135588  Atypical ZAP70 5.142 No Yes Not done 1% CID with T-cell
dysfunction
149075  Atypical ZAP70 4.835 No No Not done 0% CID with T-cell
dysfunction
116332 Atypical IL2RG 2.653 Not done  Not done Yes 96% CID with
hypomorphic
variant in /L2RG
153890  Atypical IL2RG 0.227 Not done  Not done Not done Not done Insufficient data for
leaky SCID
146654  Atypical PNP 0.126 Not done  Not done Not done 100% Insufficient data for
leaky SCID
164781  Atypical AK2 0.666 No Not done Not done 54% Insufficient data for
leaky SCID
107876  Atypical Not found 4.168 Not done  Yes Yes 82%  Meets only atypical Unknown
Criterion 1
166656  Atypical Not found 1.978 Yes Yes No 100%  Meets only atypical Unknown
Criterion 1
112063  Atypical Not found 0.882 Not done  No No 11%  Meets only atypical Unknown
Criterion 3
164667  Atypical Not found 1.112 No Yes No 47%  Meets only atypical Unknown

Criterion 3

CID, Combined immunodeficiency.
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TABLE E4. Patients with SCID per PIDTC 2022 Definitions with normal TREC results

DVORAK ET AL 555.e4

Patient Genotype Age at TREC result Initial CD3 >80% memory Oligoclonal

no. Stratum identified diagnosis (mo) (per pL) (x10°%/L) T cells T cells PHA TME
124238 Typical ADA 1 31 0.092 Not done Not done 0% Present
113405 Typical ADA 1.2 22 0.006 Yes Not done 2% Not done
115363 Typical ADA 15.1 22 0.026 Yes Not done 3% Absent
131246 Typical ADA 1.3 NR 0.002 Yes Not done Not done Not done
126173 Leaky ADA 19.2 NR 0.292 Yes Polyclonal 67% Absent
156575 Leaky ADA 10.4 NR 0.104 Yes Not done 62% Absent
115499 Typical JAK3 8.2 22 0.008 Not done Not done 0% Present
148137 Typical IL2RG 1.4 NR 0.018 Yes Not done 0% Present
149276 Leaky RAGI 1.7 29 0.073 Yes Polyclonal 42% Absent
122911 Leaky DCLREIC 6.0 36 0.460 No Polyclonal 66% Absent

NR, Actual value not reported (only reported as “normal”).
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TABLE E5. Proliferative response to PHA at time of diagnosis assayed by flow cytometry of CD45" leukocytes and CD3* T cells

Median CD3 count (x10°/L)
Proliferation of CD45" leukocytes No. of patients (range) Proliferation of CD3™ T cells No. of patients

0%* 41 0.008 (0-0.321) 0% 31
1%-9%t
10%-29%

1%-9% 25 0.03 (0-4.301) 0%
1%-9 %

10%-29%

30%-49%

50+%

10%-29% 14 0.093 (0-44.366) 0%
1%-9%

10%-29%

30%-49%

50+ %

30%-49% 4 0.138 (0.067-0.696) 30%-49 %
50+%
>50% 7 0.147 (0.046-0.565) 50+ %

et
S W = &

N W LW ===

Boldface represents the values that sync up with the first column. Summary of results, when PHA in CD45" lymphocyte population is <50% control (n = 84):

e CD3™ population and CD45 " population categories correlated: 45 of 84 (53.6%).

e CD3" population proliferated less (lower category) than CD45 " population: 7 of 84 (8.3%).

e CD3™ population proliferated more (higher category) than CD45™ population: 32 of 84 (38.1%).

*Values are percent of patient cells undergoing proliferation divided by the lower limit of the reference range for the laboratory of percent of healthy control cell proliferation (see
the Methods section for complete details).

+Because of cellular dilution (related to the profound T-cell lymphopenia) in the CD45™ lymphocyte population and rounding of results <0.5 to 0, rare patients may appear to have
0% proliferation in the CD45" lymphocyte population, and a small but detectable percentage in the CD3™ population.
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