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Abstract

Purpose We described clinical, immunological, and molecular characterization within a cohort of 22 RAG patients focused
on the possible correlation between clinical and genetic data.

Methods Immunological and genetic features were investigated by multiparametric flow cytometry and by Sanger or next
generation sequencing (NGS) as appropriate.

Results Patients represented a broad spectrum of RAG deficiencies: SCID, OS, LS/AS, and CID. Three novel mutations in
RAGI gene and one in RAG2 were reported. The primary symptom at presentation was infections (81.8%). Infections and
autoimmunity occurred together in the majority of cases (63.6%). Fifteen out of 22 (68.2%) patients presented autoimmune or
inflammatory manifestations. Five patients experienced severe autoimmune cytopenia refractory to different lines of therapy.
Total lymphocytes count was reduced or almost lacking in SCID group and higher in OS patients. B lymphocytes were vari-
ably detected in LS/AS and CID groups. Eighteen patients underwent HSCT permitting definitive control of autoimmune/
hyperinflammatory manifestations in twelve of them (80%).

Conclusion We reinforce the notion that different clinical phenotype can be found in patients with identical mutations even
within the same family. Infections may influence genotype—phenotype correlation and function as trigger for immune dys-
regulation or autoimmune manifestations. Severe and early autoimmune refractory cytopenia is frequent and could be the
first symptom of onset. Prompt recognition of RAG deficiency in patients with early onset of autoimmune/hyperinflammatory
manifestations could contribute to the choice of a timely and specific treatment preventing the onset of other complications.
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AS Atypical SCID
LS Leaky/SCID
CID/G/A  Combined immunodeficiency with diffuse

granulomatous disease and/or autoimmunity
EBV Epstein-Barr virus
CVID Common variable immunodeficiency
ICL Idiopathic CD4 + T cell lymphopenia

NGS Next generation sequencing

RTE Recent thymic emigrants

IUIS Union of immunological societies

PIDTC Primary immune deficiency treatment
consortium

CMV Cytomegalovirus

IVIG Intravenous immunoglobulin

ITP Immune thrombocytopenia

AIHA Autoimmune hemolytic anemia

HSCT Hematopoietic stem cell transplantation

MAV Myeloablative conditioning

MMF Mycophenolate mofetil

aGvHD  Acute graft-versus-host disease

Introduction

Systematic rearrangement of antigen receptor genes via
V(D)J recombination is essential for maturation of pro-
genitor lymphocytes, the genesis of immunoglobulin and
T cell receptor (TCR), and production of a broad repertoire
of antigen-specific T and B cells [1-6]. Complete RAGs
deficiency has been known to cause severe combined immu-
nodeficiency (SCID) phenotype with lack of T and B cells
(T-B-NK+ SCID) [7], life-threatening infections, and fail-
ure to thrive in early infancy. Today, RAGs diseases are
associated to an expanding broad spectrum of phenotypes
ranging from SCID, Omenn syndrome (OS) [8—13], “leaky”
or “atypical” SCID, (LS/AS) whose peculiarities reside in
varying numbers of oligoclonal T and B cells, and in some
cases a predominance of y8+T cells (y6 AS) and autoim-
mune cytopenias [14]. Hypomorphic mutations allowing
a residual RAG protein function may lead to a later onset
of different diseases and a risk of delayed diagnosis. These
forms can be characterized by diffuse granulomatous disease
and/or autoimmunity (CID-G/AI) and an altered response to
severe Herpesviridae infections (in particular EBV) [15-17].
Otherwise, common variable immunodeficiency (CVID),
idiopathic CD4+ T cell lymphopenia (ICL) [18], IgA defi-
ciency, and hyper-IgM syndrome have been also reported
[19-21].

Although infections are the predominant presenting fea-
tures in RAG deficiency patients, autoimmune manifesta-
tions including cytopenia, autoimmune hepatitis, myopathy,
and nephrotic syndrome [17, 22, 23] should be considered
associated manifestations. In addition, patients may develop

inflammation and immune dysregulation symptoms as der-
matitis or lymphoproliferation due to hyperinflammation and
altered lymphocyte homeostasis [30].

This autoimmunity has been linked not only to check-
point breaks in both T and B cell tolerance but also to other
mechanisms which may play an additional role in sustaining
autoimmune pathology [24].

Herein, we report the clinical and immunological phe-
notype together with molecular characterization of 22 RAG
patients referred to our center presenting with a broad spec-
trum of symptoms including autoimmune and/or hyperin-
flammatory manifestations.

Methods
Patients

A total of 22 patients from 18 different families were
assessed between 2009 and 2020 at the Bambino Gesu Chil-
dren’s Hospital. Patients were classified into four groups
(SCID, OS, LS/AS, CID) based on clinical presentation,
immunological data, on the criteria published by the Pri-
mary Immune Deficiency Treatment Consortium (PIDTC)
[25], ESID 2019 [26], and other groups [24, 27, 28].

— SCID: at least one of: invasive bacterial, viral, or fungal/
opportunistic infection; persistent diarrhoea and failure
to thrive; affected family member AND manifestation in
the first year of life AND two of 4 T cell criteria fulfilled:
absence or very low number of T cells (CD3 T cells <
300/microliter), reduced naive CD4 and/or CD8 T cells;
elevated y/6 T cells; no or very low T cell function by
response to mitogen or TCR stimulation; AND T cells
maternal engraftment excluded AND HIV excluded.

— OS: Desquamating erythroderma in the first year of life
AND one of the following: lymphoproliferation, hepato-
megaly splenomegaly; failure to thrive; chronic diarrhea;
recurrent pneumonia AND eosinophilia or elevated IgE
AND T-cell deficiency (detectable CD3 T cells, = 300/
microliter, low naive cells, reduced proliferation, oligo-
clonality) AND maternal engraftment excluded AND
HIV excluded.

— LS/AS: Mutation in a SCID-causing gene AND Absence
of characteristic SCID-associated infections (PCP, symp-
tomatic CMV, persistent respiratory or gastrointestinal
virus infection) in the first year of life AND does not
fulfill criteria for Omenn syndrome. Reduced number of
CD3 T cells (for age up to 2 years < 1000/microliter; for
> 2 years up to 4 years < 800/microliter, for > 4 years <
600/microliter) AND Absence of maternal engraftment
AND < 30% of lower limit of normal T cell function
(as measured by response to PHA) AND Presence of
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activated, oligoclonal, and autologous T cells not asso-
ciated with typical features of OS. Expansion of y& T
cells upon cytomegalovirus (CMV) infection or Epstein-
Barr virus (EBV)-driven lymphoproliferative disease and
autoimmune cytopenia could be associated.

— CID: at least one of: severe infection (especially VZV,
CMYV, EBV, HPV, and molluscum); one manifestation
of immune dysregulation (autoimmunity, IBD, severe
eczema, lymphoproliferation, granuloma); malignancy
AND age > 2 years AND affected family member AND
2 of 4 T cell criteria fulfilled: reduced CD3 or CD4 or
CDS T cells (using age-related reference values); reduced
naive CD4 and/or CD8 T cells; elevated g/d T cells;
reduced proliferation to mitogen or TCR stimulation.

The clinical and immunological characterization is sum-
marized in Tables 1 and 2.

Two patients (PID-17 and PID-21) have been enrolled in
the Profound CID study (pCID) (DRKS00000497), fulfilling
the study inclusion criteria.

Multiparametric Flow Cytometric Analysis

All flow cytometric analyses were performed on ethylenedi-
amine tetraacetic acid (EDTA) blood samples within 24 h
of venipuncture. After red blood cell lysis with ammonium
chloride, the lymphocytes were incubated with the appropri-
ate antibody cocktail for 30 min at 4 °C, washed with PBS,
and suspended in PBS. At least 50,000 events in the lympho-
cyte live gate were acquired for each sample. Samples were
acquired on FACSCANTO II (BD Biosciences, San Diego,
CA, USA) and analyzed with FlowJo software (Tree Star
Inc, version 8.8.6, Ashland, Ore).

Genetic Analysis

Ion Torrent Gene Target Library Preparation and NGS
Sequencing were performed according to manufacturer’s
instructions (Thermo Fisher Scientific).

Next generation sequencing (Ion Torrent) and sequenc-
ing: genomic DNA is isolated from peripheral blood of
patients using standard protocols (QIAamp DNA Blood
kit by QTAGEN GmbH, Hilden, Germany). PCR reactions
were carried out using GoTaq DNA polymerase by stand-
ard methods (Promega, Madison, WI). Direct sequencing
was performed using the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA)
and analyzed on an ABI PRISM 3130 and 310 automated
sequencers (Applied Biosystems).

Sanger sequencing for all mutations and parents’ carrier
status was performed.

@ Springer

lon Torrent Bioinformatics Analysis

Mapping and variant calling were performed using the Ion
Torrent suite software v3.6. Sequencing reads were aligned
against the USC hg19 reference genome using the program
distributed within the Torrent mapping Alignment Program
(TMAP) map4 algorithm (Thermo Fisher; https://github.
com/iontorrent/TS). The aligned reads were processed for
variant calling by using the Torrent Suite Variant Caller
TVC program; variants found in Variant Calling Format
(VCF) file were annotated using ANNOVAR. The called
variants with minimum coverage of x20, standard Mapping
Quality, and Base Phred Quality were examined on Integra-
tive Genome Viewer (IGV) and BIOMART. After applying
filtering criteria, all nonsense, frameshift, and canonical
splice site variants were evaluated to determine their poten-
tial pathogenicity.

Statistical Analysis

Data were analyzed with Graph Pad Prism, version
6.2 (Graph Pad Software, La Jolla, CA). p<0.05 and
**p <0.005 were considered significant.

Results

Clinical Phenotype and Genetic Characterization
of RAG Cohort

We report clinical, immunological, and molecular charac-
terization within a cohort of 22 RAG patients diagnosed
between 2009 and 2020.

The cohort characteristics are described in Table 1. The
majority of patients (8 cases, 36.4%) were affected by SCID
presenting with T-B-NK+ phenotype except for two patients
with T4+B-NK+ phenotype in which maternal T engraftment
was observed (PID-5 and PID-8), followed by OS (6 cases,
27.2%), LS/AS (4 cases, 18.2%), and CID (4 cases, 18.2%)
(Fig. 1A, Tables 1 and 2). The age at presentation ranged
from birth to 72 months, with a median of 5 months (range
birth to 6 years), whereas the median age of genetic diagno-
sis was 6 months (range birth to 11 years).

In particular, the mean age of first symptom was
3.4 months (+0.25 sd) and confirming genetic diagnosis
4.6 months (x0.29 sd) for SCID, 2 months (£0.19 sd) and
3 months (+£0.21 sd) for OS, 1 year (+0.55 sd) and 1.2 years
(0.53 sd) for LS/AS, and 3.2 years (+2.06 sd) and 6.7 years
(4.7 sd) for CID (Fig. 1B). The number of RAG diagnoses
following NGS application changed from a median of 1.5 up
to 2.6 per year (Fig. 1C). Noteworthy, there was no signifi-
cant difference between patients with SCID and OS when
comparing age at first clinical symptoms and at diagnosis


https://github.com/iontorrent/TS
https://github.com/iontorrent/TS

133

Journal of Clinical Immunology (2022) 42:130-145

Orst1
dV<L19€12 (8) d
poonH LOSH sypuowt /, sypuowr / 1OV amos L-dld
ogorad
‘D<VEITIO (@)
s1sou v7o'd 'V <DIL8I™ (2) q
poonH LOSH -Serp [ereuaiq yg 1ovd aids 9-did
snijoryouoiq
‘uonogjur
Areurm
‘(esourgnioe SLT6A'd D <1.08LT (@)
Seuowop MOTFId L <D8TTI ™ (B) q
poonH LOSH sineweqg -13sd) SO syuow ¢/ sypuowt ¢ 1ovy ains ¢-did
(snuraouape
‘SNITARIOT)
BOYLIRID S1ILsyI0ces d
Sunse[-Suof D19PL86™ (B) W
[og] poonH LOSH ‘eruownaug sfpuowt /, syuout § Iovy ams y-dld
61RLsJOTTIVd
DIPPEYYI 2 (Q)
0017d'd 'v <D6TTT ™ (B) A
[og] poonH LOSH eruowmnou g syjuout 9 stpuowt 9 1ovd aids €-did
(snira
-Oudpe ‘SNIIA
[enkouks
K1oyendsar) SLT6A'd 2D <108LT (@)
eruownoud ISO9IN"d
/SHT[OIYouOIq D <DGIYT (T®)
(AIND) O19¢¥°d
snmunal "L<DI8913 (1®) N
[og] poonH 1OSH ‘AIND dmuoI) syuout ¢ sipuowt ¢ 1ovy aios ¢dald
(snu 9T1RLSPI89vH d
-IAOUQpR) ST} ‘1PP90F 1~ €0¥17 (Q)
-L19)UR0NSES ATIN'A D <V (®) q
[0¢] PoonH 1OSH Sunse[ Suo] syuour 9 sypuowt ¢ ovy amns 1-did
suoneord
-wod A10jeW
-wepgurradAy sisougerp
dn-mofjoy Jo ounw  suonesidwos suoneord sisougerp uone)sy [eorur(d
REN| ur1o)-Suo juouneal], Apoquueoiny -WIONE IOU))  QUAWWIOINY  -WOD 9ANOJU]  onouag je o8y  -Tuew Jo a8y uoneINW/uan) [eur JIopuen/dl

syuaned DY JO seImyesy [edIul)) | 3|qel

pringer

Qs



Journal of Clinical Immunology (2022) 42:130-145

134

sisdos
aInyreJ ‘$$90sqe
uedlonnu [81Q2199
10§ 1OSH (erw ‘snrosey LTspLIEd
Q10Joq -I9pONLI) Surznoxosu “LIP61S2 (B) W
Keme passeq SHNRWIN ‘SNo juonIng syuou syjuowr ¢ [OVY SO ¢1-did
Ae3ow
-oudjds 6LIRLSIAYIEN'd
‘eroadore SUOT}OYUL *VOVVIPPE60T 06012
‘(eruIop joen Kreurnn @
-on1Io) ‘stsdos AP6H'd D < V18T () N
poonH LOSH sineueqg ‘gruownaug syjuour 9 sipuowt ¢ covy SO cl-aid
MIv8yd
"L<DI1TST2 (Q)
Oreod'd (1. <D0L8T (B)
(wnondasod
snydou -uruow wnLl
[ennsioul -9)orqOAR])
o[nqn) ‘(erwr eruownoud
1DOSH -I9pOIIId) ‘S1S015K0 W
[og] PoOD  ‘SpIOINS ‘DIAIL sineweqg dlLlI -ownaud puou | g 1ovy SO 11-did
¥9zsTd
D<LLLSTO(Q)
(e [0 a8 1oyd d
-19pOILID) sisdos “LIPPISE™ (B) q
poonH 1OSH sineueqg ‘eruownaug syuour ¢ sqiuow ¢°g 1ovy SO 01-aid
Hpyzou'd
(et V<DILST?(q)
-IoponTId) HI96¥'d 'V <DT891 (¥) N
[0¢] pooDH LOSH shneueg AND dtuoIys sypuout 17 sypuowt ¢ 1Ovy SO 6-dld
‘eruownaud
‘(snaraoiou)
oweip MPOrY-d
Ae3ow Sunse[-3uof . .
~ousds ‘OAHH “L<D 012l 0 (®) W
poonH 1OSH ‘snneuR( doryn sypuowr | skep ¢z 1ovy aios 8-dld
suoneord
-wod Alojewr
-wepgurradAy sisougerp
dn-mofjoy Jo ounw  suonesidwos suoneord sisougerp uone)sy [eorurd
REN| uro)-3uog juouneal], Apoquueoiny -WIONE 10U}  QUAWWIOINY  -WOD 9ANOJU]  onouag je oSy  -Tuew Jo a8y uoneINW/uIn) [eur] JI9puan;/(l

(ponunuoo) | sjqey

pringer

AQs



135

Journal of Clinical Immunology (2022) 42:130-145

stsoqiS1adse eruownaud Dgoryd
Kreuownd ‘eruadonnou "D<VEITIO ()
antseAur 1OSH AGH ‘AN Hyzoud
10] 210J9q ‘qeuurXmLL ‘9-AHH 'V<DILST 2 (®) q
[0s]  Aeme passeq ‘proxais ‘DIAI squioo) VHIV Sroryd s1eak ¢ s1eak ¢ [OVY amn 61-dld
(sn1
-IAOUJDR) ST}
-119)UQ01}583
Sunsey Suog X68SA'd :D<DLILID () q
poonH 1OSH ‘AIND dory) s1eak 6] s1eok g 1ovy N4 81-dld
uon
VHIV -oopur HDY
LOSH ‘s1sa qQV OANI ‘(parefalr {(psoursnian
-1oydewserd ‘QV DANI -AIND) d) s1sdas €EIDLSIA98Y d
‘qeurxmir - ‘qy s1eprerd QWOIpPUAS ‘eruownaud ‘[PLST9ST 0 (B) W
[L2] PoOD  ‘proIdNS ‘DAL -HUE ‘SqUO0D TUSI-I[IIN - AIND 2tuory) s1eak 1] syuowt 6 1ovy N4 L1-dld
snrydou
[ennsIuIo]
-nqn) ‘(erw (sniraoudpe)
~10POIILID) BOYLIRID MIP8Id L <D1TST2 (B) N
[og] poonH 1OSH sineueqg Sunse[-3uoy s1eak 7' stpuowr 8 1ovd N4 91-did
Aqredoua
-peydwAy M6TTI'd "L <0689 () N
[og] 1DOSH ‘snneuR( syuour 9 sipuowr ¢ ovy N4 SI-did
MIvsyd
\L<DI1TST2 ()
(1w e .
1epontia) s1sou oo d LL<D0L8T™ (B) 4
poonH I1OSH snuneweqg -Serp [ejeualg g 1OVYy SO ¥1-did
suoneord
-wod Alojewr
-wepgurradAy sisougerp
dn-morjoy Jo ounw  suonesrdwos suoneord sisougerp uone)sy [eorurd
PEN| ur1o)-Suo juouneal], Apoquueoiny -WIONE 10U}  QUAWWIOINY  -WOD 9ANOJU] onouag je o8y  -Tuew Jo 9y uoneINW/UID) [eur] I9pUAD/(I

(ponunuoo) | sjqey

pringer

Qs



Journal of Clinical Immunology (2022) 42:130-145

136

uonejue[dsuen [[00 wa)s onerodoreway , 7HSH ‘Apoquue Ies[onunue YAV ‘UOISLISIUI A7 ‘eruado}o0quioIy) sunwwr 477 ‘enuoue dNAJoway sunwwiojne V7Y ‘9 sniasadioy uewny
9-AHH ‘SNITAO[BIIWOIAD AN ‘ShIIA Lreg-urd)sdg Ag7 ‘Aouarogopounwuitil pauIquiod (770 ‘AIDS/ANedT §7 ‘AIDS [ed1dAje SV ‘QuoIpuks uuow() §O ‘Aouaroyapounuuuul pauiquiod IS (77DS

uroAwreder
‘proe ofjou 9AHH
dJe)s [BOIUI[d -oydooKur qe ur| SnIproIky) oTuOIYD SE08N'd ‘D <V80rT 2 (Q)

QI0ADS Ul ‘qeuIIXn)LI -nqo[3o1kyy sunuwione ‘eruownaud M669Y°d LL<DS60T2 (B) q

panmwipe (s ‘pro1als “OIAT ‘squIoo) oSIMmIA ‘VHIV Rltle) s1eak O s1eok ¢ Ovy an  c-did
eruowt

-naud ‘xOd H8zLAd
uaNoIyO D<Lt8ITo (@)

QI0A3S ‘AGH Hyeod'd iy <D[L817 (8) N

[6€] poonH droryD saeak | s1eak 9 ovy armn 1¢-did
stsdos
‘(snaraeo0q
‘gezuanpur
snyryd
-owdey)
eruownaud
anjrey SqQUI00D ‘qy ‘(snuraejor)
uedionnu SISQ syoparerdnue BIYLIEIP

10] 1DSH -roydewsserd  ‘qy pidijoyd Sunser-3uof e .
alojoq ‘qeLurxmLL -soydnue ‘Add ‘AIND MIP8Ad L <D1TsT (%) W
[0s]  Aeme passeqd ‘proxais ‘DIAI ‘QV VNV  AqeSowouords VHIV ‘dLI oruoIy) s1eak ¢ s1eaf | [OVY an  0z-did
suoneord
-woo K1orewt
-wepgurradAy sisougerp
dn-mor[oy Joounw  suoneordwod suoneord sisougerp uone)soy [eowro
T wi19)-Suo juouneal], Apoquueony -WIOINE I9Y)()  SUAWWIOINY -WO0J SANOSJU]  onauaS 1w 98y  -ruew jo oSy uoneINU/UID) [eur] I9pUAD/(I

(ponunuoo) | sjqey

pringer

Qs



137

Journal of Clinical Immunology (2022) 42:130-145

aro

L1y 8'LT gsTe L1t 10T el SSLY L'1e 9tL 1414 00ST L ¢c-did
aro

LTol 6'1C 0L 80 S'6L1 ¥'0¢ 1°s6¢ 6y §'€99 V'SL 088 0¢l Ic-did
amn

¥'86CI (43 199 €'LT |4 S0 Yy 1ot '99¢ I 0cye 0s 0c-did
amn

YToL I'6¢ I'se 81 8'8¢6¢ ¥'81 8'I¢SS €8¢ SLOVII ¢'8¢ oser 0 61-dld
SV/ST

eu eu eu e'u eu eu eu eu eu eu 0SH 0¢ 81-dld
SV/ST

0°L8C 14! 901 6'LE ¥'168 £7Ce CLL 8T §e8el c0s 09LT oy L1-dIld
SV/ST

9'¢col cse cse 9 S0'9 'l 8¢9 911 SS'SLT 1°0S 0SS 0s1 91-did
SV/ST1

S¢Sl 8Ty 0 0 9CI Ly L'vel 6’61 8971 'S 0LT 08¢ SI-did
SO

8'C8C ol 9¢ 0 8'0LI 1'9 ¥'81¢€T 8'C8 T68YC 6'88 008t 0TyL ¥1-dld
SO

6CSel €91 86'% 90 cS9¢ 144 8CT16S 9'IL S1°899 §08 0€8 0S8T €1-aid
SO

CL9L LT 8¢ I 78 € 96CC 8 (45 %¢ 78 008¢T 0l6s cl-did
SO

I"L101 9ce yT9 0 §0c8 £9¢C 8'0901 143 9'810¢ L'Y9 (I[4143 00LS 11-aid
SO

ceey ¥ 0 0 6€£€8 LL €801 ()1 £'6686 16 0€8°01 (0129 01-aid
SO

9°08v¢ 98¢ 0 0 19LE 6'0¢ I'vELy 6'8¢ 91678 8'69 0LT'CT 006L 6-did
amns

£198 699 0 0 L'89C 8'0C 6vIl 68 LYY I'ce 6Cl 00T 8-dld
amns

¥'001 yee 0 0 568 col L6'88 L'8C ¥'861 ¥9 ore 0LL L-dld
amns

¥ees £'€6 Y061 ¥'e 9¢’¢ 90 ¥8'L 1 el T 09¢ 0¢l 9-did
amns

v6lcCl I'L8 ({4 44NV 8°0¢ [ 9'C8 6'S yert '8 00¥T 0L9¢ ¢-aid
amns

eu eu eu eu eu eu eu eu eu eu 0S¢ 0¢ y-ald
aios

6'6L1 MR8 0 0 1’8 Le 9L'EC 801 6'1¢ Syl 0ce 0¢ ¢-did
arns

§'6LT 796 620 1o 620 1’0 620 1’0 860 0 06C 0c ¢-did
amns

8'LTS 16 LT €0 Y3 1'9 L8 Sl v'or 8 08¢ 0S¢ [-did
(T0ys1192) (%) (Iys1199) (Toys1192) (Toys1192) (%) (Tys[199) (Tnys1199) Anw:\m:oov 9SeasIp
+96dD+91dd +95AD+91dD +61dD (%)+61dD +8ad (%) +8dd +¥dd +vdd +€dd (%)+ead  sakooydwiy s[iydoursoy /a1

110402 DY Jo adAjouayd sunwiw] g 3|qeL

pringer

Qs



Journal of Clinical Immunology (2022) 42:130-145

138

dar

Y01 88 LST T vT 86 991 620 € €56 T0 LO0  0z-dld

an

c> 01 01 01 SHSI 8T 991 €0 SL ST eu ey 6l-dld

SV/ST

01 ST 01 %016 eu vu eu eu eu eu eu eu 81-dld

SV/ST

96 LET 60T 1861 67 LT 80°0 10 oL 8'LT L'SE 10S  L1-AdId

SV/ST

c> Sl ¥S 8¢S LTL A €10 0 LOL ¥'sT €0°0 900  91-dld

SV/ST

eu S 01 798 Ty S1g 91T 91 eu eu eu eu  ¢[-dld

SO

152 ov 9F 8 1’1061 8 S8l 80 6°¢ L6 eu vy $1-dld

SO

vu vu vu eu ST'LIY ToL €8 A vu vu €8 Al €1-did

YLOL S 01 s €81 eu vu vu vu vu vu vu vu S-%m

SO

00S°ST S 01 %892 6%'LSE L€ 8I°€ €0 L'ST ¥8 vu vl [1-dld

SO

000S < 01 YT % OPC eu eu eu vu vu vu vu ey Q[-dld

SO

6798 S 01 001 TT81 S'8¢ ¥6'81 0 vu vu vu vu 6-dld

amns

8 v LT %% eu eu eu eu eu eu eu eu 8-dld

ars

0 ¥0°0 500 9’8 eu vu vu vu vu vu I'1 Sl L-d1d

ars

€6l S 0z * 608 vu vu eu vu €l €86 eu eu 9-dld

amns

eu eu eu eu eu eu eu eu eu eu eu eu S-did

amns

S> S 01 % SPE eu eu eu eu eu eu eu eu -dId

amns

G> €l 01 % 6691 eu e'u e'u e'u e'u e'u e'u e'u ¢-dld

daros

G> S 01 + 208 ''u eu eu Bu eu eu eu eu -did

amns

01 S 01 wx 981 eu vu eu eu eu eu eu eu 1-did
3&5% (‘Ip/3w) S@\maw (‘Tp/3w) (TOys[199) (%) (Toys[199) (%) (1%) (%)  (T0/s[190)

H9] V3l INBT D3] +0OVISFAD++AD +0dSPAD++AD  +VISFAD+PAD +VISYAD++AD QA+¢€dD dr+e€dD  +1¢dD (%) +1€dD dsessip/dl

(ponunuoo) zsjqey

pringer

Qs



Journal of Clinical Immunology (2022) 42:130-145 139

5 (Fig. 1B). The median age of the first symptom and the
mg - e genetic diagnosis were markedly lower in SCID and OS than
EST A in LS/AS and mostly in CID patients (Fig. 1B).

3 The symptom at presentation was infection (n=18;
<§D 81.8%). Dermatitis represented the onset manifestation in
2E [ 2 all OS, two LS/AS (PID-15, PID-16) and two SCID patients

5 (PID-5, PID-8). On the other hand, infections, autoimmunity,

g and immune dysregulation occurred together in most cases
E"é = 5 (n=12;54.5%). Two SCID and one OS early diagnosed due

to prenatal diagnosis or strongly suggestive phenotype were

g promptly transplanted and did not present any severe mani-
gné" - § festation (Fig. 1D). Chronic viremia was common among
+ the cohort (SCID n=4; OS n=1; LS/As n=3; CID n=4),
% whereas respiratory and gastrointestinal infections were
& prevalent in SCID patients (Fig. 1E). Interestingly, 15 out of
2 22 (68.2%) patients presented autoimmune and/or hyperin-
SS) . . .
£ o flammatory manifestations (Fig. 1D). The most frequent was
ég S 5 d.ermatitis occurring in 9 patients (40.9%). Lymphoprolifera-
+ tion and splenomegaly were present in 4 patients (18.1%).
o) Nephropathy occurred in 2 patients (PID-14 and PID-16).
& . . .

A whereas one patient developed Miller Fisher syndrome
8 (PID-17) (Fig. S2, and Table 1).
Q: o © Notably, one OS, one LS/AS, and 3 CID patients (PID-
8§ f 3 12, PID-13, PID-17, PID-20, PID-10) with autoimmune/
" inflammatory complications experienced a severe autoim-
§ mune cytopenia (AIC) (Fig. 2A) with a median age at onset
g of 1 year (range 1-9) (Fig. 2B).
Eﬁg RAGI mutations were detected in nineteen (86.4%)
E% © o patients, while RAG2 mutations in three (13.6%) of them
S |- =~ (Table S1). Consanguinity was documented in 9 out of
+ 20 families (45%), in which we found homozygous muta-
é tions. We found three novel mutations in RAG/ gene
2 (p-S330LfsTer15, p.R404W, and p.N803S) and two
Eﬁ in RAG2 (p.H94R and p.N364VfsTer79). Combined Anno-
ég . = tation-Dependent Depletion (CADD) scores have been used
to define the degree of pathogenicity of novel mutations
< (Table S1).
Fo |- v
oE S o £ Immunological Phenotypes
T
+ g As expected, increased IgE levels were observed in OS
ég § o E group. IgA and IgM resulted very low or undetectable in
2 E SCID and OS patients, whereas detected serum IgG in two
+§ E % SCID and three OS reflected maternal trans-placental trans-
é% o g ;,‘ . fer. Leaky/atypical SCID and CID patients showed normal
O2 [~ E L; a immunoglobulin values except for one patient with LS/AS,
S EE ~ PID-17, who manifested hypergammaglobulinemia (Fig.
s |+ 2F 3 S1A and Table 2).
218 |a 5 g El ED é Total lymphocyte counts were severely reduced or almost
£ |9 (¢ ° |ZF % S B lacking in SCID group (Table 2).
= % o a % g 9 5 £ E T cells were particularly low in SCID group, whereas
% § g A g A Z 2 E % § z CD3, CD4, and CDS cell count were higher in OS patients.
e |8 |[EC EClzgl &1 = LS/AS and CID patients presented detectable T cells, albeit
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reduced proportion of naive T cells (Fig. S1B-C). Expansion
of T-cell receptor yS was documented in two LS/AS patients
(PID-16 and PID-17) (Fig. S1D), particularly following
disseminated CMV infection as for PID-17. Circulating B
cells were variably detected in AS and CID groups and were
nearly absent as expected in SCID and OS patients correlat-
ing to their immunoglobulin levels. NK cells were present
in all groups with normal or increased numbers (Fig. S1B).

Outcomes and Treatment

All patients with AIC received high dose of intravenous
immunoglobulins (IVIG) and steroids as first-line therapy
with limited response. No complete remission was observed
in any patients despite second-line therapies with Rituximab
(PID-12, PID-17, PID-20), mycophenolate mofetil (MMF)
(PID-20), rapamycin (PID-22), or third-line therapies with
plasmapheresis (PID-17, PID-20).

Eighteen out of 22 patients underwent allogenic HSCT
with a median of 7 months (range 3-36.7) (Fig. 2C). Donors
were either matched unrelated (2 cases, with one cord blood
and one bone marrow as stem cell source), HLA-phenotyp-
ically identical (2 cases transplanted from the mother), or
HLA-haploidentical (14 patients). Conditioning regimen
was based on Treosulfan 42 gr/m?, fludarabine 160 mg/
m?, and ATLG, with 6 patients receiving additional tiotepa
10 mg/kg.

Neutrophils and platelets engraftment were achieved in
16 out of 18 patients after a median time of 15 days and
11 days, respectively. Two patients experienced primary
graft failure and were rescued with an allograft from the
other HLA-haploidentical parent.

Cumulative incidence of grades I-II acute graft-versus-
host disease (aGVHD) was 17% (95% CI) with 3 patients
experiencing mild, skin-only aGvHD. No cases of grades
III-IV aGvHD were observed, and no patient experienced
chronic GvHD. Infectious complications were frequent
after HSCT, accounting for almost 90% of patients, and
included blood stream infections (5 patients), viral reactiva-
tions (CMV, HHV6, and Adenovirus in 6, 2, and 4 patients,
respectively), infectious enteritis (Rotavirus 1, Norovirus 1,
and C. difficile 1 case), and invasive pulmonary aspergillosis
(PID-19).

With a median follow-up of 61 months (range 17-138)
overall survival of transplanted patients was 94% (95% CI).
One patient died of massive pulmonary hemorrhage caused
by invasive aspergillosis which was already present at the
time of HSCT. Noteworthy, two additional patients of our
cohort died before HSCT due to multiorgan failure.

Notably, all patients reached normal immunoglobulin
levels.

Among fifteen patients with autoimmune/hyperinflam-
matory manifestations, HSCT was required for definitive
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management in twelve patients (80%). Patients with immune
dysregulation underwent HSCT at an older age compared
to those without immune dysregulation (median 12.7 vs.
7.4 years) partially due to the diagnostic delay (Fig. 2D).
Two patients resolved treatment-refractory AIC, thanks to
HSCT.

Discussion

During an 11-year period, we diagnosed 22 RAG patients at
the Bambino Gesu Children’s Hospital. The patients were
classified as SCID, OS, LS/AS, and CID, confirming that
different clinical phenotypes can be found in patients with
identical mutations even within the same family.

We recorded an increased number of RAG diagno-
sis following NGS application from a median of 1.5 up
to 2.6 per year. This was particular evident in the first
year of NGS application, in which we unmasked previous
undiagnosed cases. This increased frequency is consistent
with recent reports, including newborn screening that con-
firm RAG1/2 as the second most prevalent genes associated
with SCID and the most common genes associated with
leaky SCID/CID [29]. In addition, we observed a median
delay of 75 days between clinical onset and genetic diagnosis
for SCID, 1 month for OS, 14 months for LS/AS, and 3 years
for CID patients. As reported in other studies [22], the CID
diagnostic delay reflects a lack of recognition of hypomor-
phic RAG mutations associated with milder and late onset
phenotype in contrast to the severe SCID phenotype caused
by null RAG mutations. These data confirmed a higher fre-
quency of RAG defects that should be promptly suspected
and recognized to avoid severe complications.

As reported [30, 31], the immunological phenotype in our
cohort confirmed the reduction of the T cell count and the
diminished proportion of peripheral naive CD4 T cells in
each group. Thus, a detailed immunophenotype could help
in suspecting RAG deficiency in those patients with immune
dysregulation.

RAG I mutations have been reported more frequently than
RAG?2 [31, 32] as occurred in our cohort. Interestingly, we
found three novel mutations in the RAG/ gene and two in
RAG?2. Based on previously reported literature [33—35] that
showed a significantly lower activity level of missense muta-
tions in the nonamer-binding region (NBR) that is part of
the catalytic core, we can assume that the p.R404W could
explain the SCID phenotype observed in PID-8.

Similarly, the p.S330LfsTer15 mutation is found in
PID-4 falls in the RING domain of RAGI, determining
the absence of recombination activity by affecting protein
subcellular localization or decreasing chromatin accessibil-
ity of the RAG complex [34, 35]; however, in this patient,
the resulting truncated protein is the most evident cause
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«Fig.1 a RAG cohort. Clinical diagnosis of RAG patients for the four
main categories (n=22). b Difference in timing for first symptom of
immunodeficiency and genetic diagnosis of four RAG groups. Sym-
bols represent individual patients. ¢ Infections, autoimmunity, and
immune dysregulation in RAG cohort (number of total cases). Inf,
infection; ID, immune dysregulation; Al, autoimmune manifestation.
d Clinical manifestations in RAG cohort distributed among the four
groups (frequency as % total cases). Other: Miller-Fisher syndrome,
tubulointerstitial nephritis, alopecia, vitiligo. PID-6 prenatal diagno-
sis. PID-7 No available data during first months of life

of SCID phenotype. Moreover, the C-terminus of RAGI
protein has been identified primarily in patients with CID
showing significant residual VDJ recombination activity [6].
These data perfectly reflect the p.N803S mutation carried
by PID-22 characterized by a CID phenotype, although the
recombination activity of this novel mutation was not yet
determined. Finally, PID-12 carried the two novel p.H94R
and p.N364VfsTer79 mutations, both in the extended cat-
alytic core of the RAG2 protein that may affect its activ-
ity leading to an OS phenotype [36]. Also in this case, the
p-N364V{sTer79 mutation causing an evident defective pro-
tein can more heavily affect the RAG2 function. Differently
from other studies focused on populations with a high rate of
consanguinity [37, 38], many patients enrolled in this work
had non-consanguineous parents (59%), suggesting a high
mutation rate in these genes as well as a large occurrence of
heterozygous carriers.

Interestingly, although individuals with RAG heterozy-
gous missense mutations were not reported to be typically

Fig.2 a Occurrence of autoim- A
mune cytopenia in each RAG

group. b Onset of AIC manifes-

tation for PID-11,17,19,20,22.
Autoimmune cytopenia (AIC),
autoimmune neutropenia (AN),

immune thrombocytopenia

(ITP), autoimmune hemolytic

anemia (AIHA). ¢ Number

16.6%

25%

Number of patients

associated to a RAG phenotype, we observed three CID
patients presenting with autoimmune cytopenia and carrying
only a single missense heterozygous mutation in RAG genes
(data not shown). These data suggest that other factors, not
yet fully understood, could influence the disease expression.

PID-16 and PID-20, defined as LS/AS and CID, respec-
tively, carried the same homozygous mutations (p.R841W),
with severe autoimmune manifestations: the second one,
despite having received a timely diagnosis, died before being
able to undergo HSCT. Similarly, two compound heterozy-
gous siblings (PID-6 and PID-19) (p.R405G and p.R624H)
were diagnosed as SCID and CID, respectively. The older
sister (PID-19) diagnosed at 3 years of life died of invasive
aspergillosis already present at time of HSCT. The younger
sister (PID-6) who received at birth a more severe diagnosis
of SCID underwent HSCT at 3 months of life showing a
different clinical outcome, thanks also to a prenatal diag-
nosis. This underlines the importance of other epigenetic or
environmental factors on disease course and how a prompt
HSCT may be crucial.

Furthermore, four compound heterozygous RAG/
patients, classified as SCID (PID-6), OS (PID-9), and CID
(PID-19, PID-21), shared the same p.R624H mutation,
with almost absent recombination activity, in combination
with the p.R405G, p.Y728H, and p.R561H respectively.
The p.Y728H showed a markedly decreased but detect-
able recombination activity in line with his milder pheno-
type [39], whereas p.R561H showed nearly absent activity
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(2.0 +0.6) reflecting the OS disease. Unfortunately, the
p-R405G recombination activity was not still determined.
Otherwise, the two compound heterozygous brothers
(PID-11 and PID-14) with the p.R624C and the p.R841W
mutations presented with the same OS disease. Thus, geno-
type—phenotype correlation in RAG deficiency is not abso-
lute. Indeed, other factors such as chronic and uncontrolled
infections may influence the outcome of the disease besides
the level of recombination activity determining a variable
clinical phenotype even within the same family. CMV, EBYV,
and HHV-6 viral infections probably affected the clinical
course and the onset of complications in PID-19. On the
contrary, we cannot know what the clinical course would
have been in PID-6 if she had encountered a virus before
HSCT.

Indeed, chronic, uncontrolled Herpesviridae viremia was
frequent among CID group (75%). Usually, CID patients
develop more severe manifestations often triggered by viral
infections that closely preceded the onset of autoimmunity
as in our patient PID-17 [40].

Nonetheless, the presence of residual B cells in CID
patients makes them prone to EBV replication with higher
risk of EBV-driven lymphoproliferation suggesting the need
of a closer viral and radiological monitoring [41, 42].

PID-21 was initially classified as a humoral defect and
only later reconsidered as CID at 11 years of age. Thus, con-
sidering the high frequency of hypomorphic mutations with
a milder phenotype, a longitudinal re-evaluation of patients
lacking a molecular diagnosis is always recommended,
and RAG deficiency should also be suspected in patients
where B cell defect is predominant. As rarely reported for
other patients with CID phenotype [43], this patient did not
undergo HSCT considering his good clinical status and the
unsuccessful research for a suitable identical HSCT donor.
He presented recurrent low respiratory infections well con-
trolled by antibiotic prophylaxis (azithromycin) and immu-
noglobulin replacement therapy. This case underlines how
the molecular definition could support pediatricians and
immunologists in achieving better follow-up but open cru-
cial questions on therapeutical options. Thus, a close follow-
up in large multicentric international cohorts is mandatory
to deepening the knowledge and understanding of these
patients’ natural history.

In line with other reports [22, 32], our data showed that
severe immune dysregulation manifestations (68.2%) are
a common feature of RAG deficiency often refractory to
conventional medical management. In particular, dermatitis
and autoimmune refractory cytopenia resulted in the most
frequent manifestations. Otherwise, nephritis [22, 32], or
neurological involvement (Miller-Fisher syndrome) could
represent the first or the main symptom of onset [30], which
can lead patients to the attention of other specialist delay-
ing the correct diagnosis. The early recognition of these

manifestations could contribute to the choice of a prompt
specific treatment and prevent the onset of others complica-
tions [43, 44].

According to the literature [22], given the refractory
nature of autoimmune cytopenia, it is essential to rapidly
proceed to transplant patients with AIC to avoid complica-
tions or chronic infections that can be responsible for the
onset of comorbidities compromising the outcome of HSCT.
HLA-identical donor transplant demonstrates an excellent
overall survival greater than 75% [45, 46]. Moreover, inno-
vative HSCT approaches have shown encouraging results in
case when an HLA-matched donor is not available [47, 48].
Finally, immunosuppressive or immunomodulatory drugs
should be strongly considered to control immunodysregula-
tion in these patients.

Conclusions

RAG deficiency still presents a challenge in tracing effec-
tive management and follow-up, considering the inability
to predict the disease course in atypical cases. This study
describes the clinical, immunological, and molecular charac-
teristics of 22 RAG patients providing five novel mutations.
This cohort highlighted the heterogeneity of manifestations
associated with inborn error of immunity particularly for
patients with hypomorphic mutations and milder pheno-
types. In this regard, extending RAG analysis to older pedi-
atric and adult patients affected by undefined CVID and/or
immune dysregulation [42] might be helpful in discovering
novel cases and expanding the current knowledge of natural
history of RAG deficiency.
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