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Abstract

Purpose Deficiency of adenosine deaminase type 2 (ADA2) (DADA?2) is a rare inborn error of immunity caused by deleteri-
ous biallelic mutations in ADA2. Clinical manifestations are diverse, ranging from severe vasculopathy with lacunar strokes
to immunodeficiency with viral infections, hypogammaglobulinemia and bone marrow failure. Limited data are available
on the phenotype and function of leukocytes from DADA?2 patients. The aim of this study was to perform in-depth immu-
nophenotyping and functional analysis of the impact of DADA2 on human lymphocytes.

Methods In-depth immunophenotyping and functional analyses were performed on ten patients with confirmed DADA?2
and compared to heterozygous carriers of pathogenic ADA2 mutations and normal healthy controls.

Results The median age of the patients was 10 years (mean 20.7 years, range 1-44 years). Four out of ten patients were
on treatment with steroids and/or etanercept or other immunosuppressives. We confirmed a defect in terminal B cell dif-
ferentiation in DADAZ2 and reveal a block in B cell development in the bone marrow at the pro-B to pre-B cell stage. We
also show impaired differentiation of CD4" and CD8* memory T cells, accelerated exhaustion/senescence, and impaired
survival and granzyme production by ADA2 deficient CD8™ T cells. Unconventional T cells (i.e. iNKT, MAIT, V82* y8T)
were diminished whereas pro-inflammatory monocytes and CD56” " immature NK cells were increased. Expression of
the IFN-induced lectin SIGLEC1 was increased on all monocyte subsets in DADA?2 patients compared to healthy donors.
Interestingly, the phenotype and function of lymphocytes from healthy heterozygous carriers were often intermediate to that
of healthy donors and ADA2-deficient patients.

Conclusion Extended immunophenotyping in DADA?2 patients shows a complex immunophenotype. Our findings provide
insight into the cellular mechanisms underlying some of the complex and heterogenous clinical features of DADA2. More
research is needed to design targeted therapy to prevent viral infections in these patients with excessive inflammation as the
overarching phenotype.

Keywords ADA?2 deficiency - DADA?2 - T cell exhaustion - Humoral immunodeficiency - SIGLEC-1 - Type I IFN
signature - Monocytes
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either due to autoimmunity or bone marrow (BM) failure
and hematological malignancy [3-5]. The pathophysiology
of deficiency of ADA2 (DADAZ2) is far from resolved. Dis-
rupted interaction between the vascular endothelium and
monocytes is believed to be central to at least the vascular
phenotype of the disease, with a skewing of macrophages
to a pro-inflammatory M1 phenotype [1]. For patients
with a predominant vasculitis phenotype, the mainstay of
treatment is TNF inhibition [6]. However, cytopenias are
mostly refractory to treatment with TNF inhibitors, growth
factors and immunosuppressives [7, 8]. Hematopoietic
stem cell transplantation results in excellent survival and
cures ADA2-deficient patients from all disease manifesta-
tions, demonstrating the hematopoietic-intrinsic etiology
of this condition [9, 10]. In terms of immunodeficiency,
up to 30% of DADA?2 patients have panhypogammaglobu-
linemia (IgG, IgM, IgA) [3] and can present with a com-
mon variable immunodeficiency-like phenotype, includ-
ing recurrent upper and lower respiratory tract infections,
bronchiectasis and associated gastrointestinal involvement.
However, some patients also exhibit a phenotype mimick-
ing auto-immune lymphoproliferative syndrome (ALPS)
[11-13]. Moreover, DADA?2 patients can have particular
susceptibility to herpes virus infections—cytomegalovirus
(CMV), Epstein Barr virus (EBV), herpes simplex virus
1, human herpes virus 6 (HHV6)—as well as HPV and
Molluscum contagiosum [12, 14].

While features of vasculitis in DADA2 are well
described, mechanisms underlying immunodeficiency
have been less well explored. Initial descriptions noted B
cell lymphopenia, progressive hypogammaglobulinemia
occasionally mimicking agammaglobulinemia, increased
numbers of naive and CD21"° B cells, but reductions in
switched memory B cells and plasmablasts [1, 15, 16].
In vitro findings of decreased T-dependent Ig secretion and
increased B cell apoptosis inferred that a B cell-intrinsic
defect underlies humoral immunodeficiency in DADA2 [1,
16]. However, while circulating T follicular helper (cTth)
cells—the CD4* T cell subset that guides B cell differen-
tiation [17]—have been reported to be present in normal or
increased proportions in DADA?2 patients, ADA2-deficient
CD4* T cells apparently exhibit features of impaired help
for B cell differentiation such as reduced IL-21 produc-
tion and CD40L expression in vitro [16]. Thus, func-
tionally impaired cTfh cells may also contribute to the
B cell defect in DADA2. Further cellular aberrations in
DADAZ2 include increased proportions of CD4-CD8~ aB™*
TCR™ cells [1, 13, 18, 19] consistent with an ALPS-like
phenotype as well as reductions in frequencies of central
and effector memory CD4% and CD8* T cell subsets [1,
13, 16]. In order to further delineate peripheral immune
defects in DADA2, we conducted an in-depth clinical,
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immunophenotyping and functional study in 10 patients
with bi-allelic pathogenic ADA2 variants from 6 unrelated
families.

Material and Methods
Patients

Patients with DADA2 were recruited from the University
Hospitals Leuven Primary Immunodeficiency Clinic, Leu-
ven, Belgium, and from St Vincent’s, Liverpool and West-
mead Hospitals in Sydney, Australia. Healthy controls were
recruited from volunteers, or purchased as donor buffy coats
from the Australian Red Cross Blood Service. The study
was approved by the respective ethics review boards of the
participating institutes, including the ethics committees of
University Hospitals Leuven (S63077, S63807 and S54866),
Sydney Local Health District RPAH Zone Human Research
Ethics Committee and Research Governance Office, Royal
Prince Alfred Hospital, Camperdown, NSW, Australia (Pro-
tocol X16-0210/LNR/16/RPAH/257); the South East Syd-
ney Local Health District Human Research Ethics Commit-
tee, Prince of Wales/Sydney Children’s Hospital, Randwick,
NSW, Australia (Protocol HREC/11/POWH/152). Written
informed consent for genetic investigations and immunologi-
cal analyses, as well as the publication of data, was obtained
from each family. DADA2 was diagnosed based on the
demonstration of biallelic deleterious mutations in ADA2,
in association with deficient plasma ADA2 enzyme activity.

Detailed Inmunophenotyping and Functional
Analysis of ADA2-Deficient Lymphocytes

PBMCs from ADA2-deficient patients (n=10), het-
erozygous healthy carriers (n=15) and healthy donors
(n=27) were analyzed as described previously to deter-
mine proportions of B cells (CD20%), T cells (CD3%),
NK cells (CD3°CD56%) and dendritic cells (DCs)
(CD19°CD37CD56°CD235a CD14°CD20~ HLA-
DR™) [20]. Subsets of T cells (CD4", CD8", iNKT [TCR
Va24VP11*], MAIT [TCR Va7.2*CD161+], Vyd
[TCR Vy8*], Vap [TCR Vap*]) were also determined
[20]. Frequencies of naive (CD45RA*CCR7%), cen-
tral memory (T, CCR7*CD45RA"), effector memory
(Tgp CCR77CD45RA™) and revertant memory Tgygas
CD45RAYCCR77) cells within the CD4" and CD8*
T-cell populations and of Treg (CD4*CD25"CD1277)
and Tfh cells (CD4TCD45RA-CXCR5") were enu-
merated as percentages of total CD4" or CD8* T cells.
Thl, Th2, Th17 and Th1/Th17 (Th1*)-like phenotypes
within memory CD4% and Tth cells were defined by dif-
ferential expression of CXCR3 and CCR6 [17, 20-22].



1917

Journal of Clinical Immunology (2021) 41:1915-1935

au1s AoupAg ur pauniofrad sasATeue 21008 NAT,

SDI[NOSBA A QUIdoRA [edd000wNaud pajeSnluooun AJy) ‘e1u
-odojkooquioay) 7 ‘surnqo[Sounwiwul snosueindgns HyHS ‘AreSowousyds § ‘uouswouayd pneukey y ‘eruadojkoued 4 ‘eruadonnau A ‘jejousydooAuwr [ojowl fiuul 3yeXanoylau Xjul ‘surjnqojgou
-NUWIWIT SNOUARIIUT H]A] ‘uoisudlradAy 77 ‘Are3owousidsoreday sy ‘erwaurngosewwesodAy Hgy sisoquiory) snouaa dosap JA g ‘ourdoea [eddodownaud pojednfuod AJ) ‘oprwreydsoydoroko
wdd ‘9FeyrIoway ‘oyons ‘Asied 9AISU [BIUBID ‘UONOIRJUI JRUNJR| ‘UONE)SIYIUBLE SHI[NOSBA WA)SAS SNOAIIU [BIIUID SN ‘BIWOUER ONAJOWAY QUNWWI-0INE VLY JUIAD 9SIOADPE FV ‘e1oadoly v

Surduwes je T+SHUL99HSAT
(Surdures 10U ‘[ ASH pu® "d/zSI1991sAT d
1e J0u) snnedoy V ‘INSH ‘d #S'ST £ DIDS  AgH uedar (-) gy (OTdH 6T 0 [PPEOVYT L6ETORPEOTT L6ET ™D o1
AdN 9 AV A #S6°9 (ANSD £ () Agd ‘seo[surys Ky OTHI'C D<VESET D ¥V <DY0G™d 6
IH So[SuIyS ‘sn
AdNOYHY ‘A “AG¢ 1B SND xL'9 £ (-)  -freydeous [exip Koy  (OTdH 6D 0 D<VESET D 'V <DY0S ™ 8
(Jurwr ‘wdo
XJW PIATIIAI
s[reu I1H Arsnoraaxd)
‘upys ‘sngeydoso ‘K91 1B SND OIAI
SUONdJJUI BPIP ‘S ‘Teunsajur ‘Krep Sw G/, spem
-Ue) ‘AdN YAV A K0T 78 LAQ «€' £ ouOsIUpald  ‘AZA JUSLINIY wekee  (OTdH 90 9T D<VEGETD ¥V <DY0S™ L
S1S0Qq
-WOIY) Je[nonsa) ‘(opaaI])
‘Spad[qoIoTua A 9seasip
SND 1N uewIdIsE) € u QuwnZI[Ioo], wiA]T 61 Sry L pA10-d / 81y LpA1D d 9
OpaAT]) A S u 1deoarouerg wgAg 91 O<LT€L6D/D<LTELED S
N mou
‘(sornded
snooueInd (UrH69181v " d)y <H908 ™2
‘OpaAI]) A s £ 1deorouery wgky I'C [eALPATD d) L<DOPT™d 4
‘N
‘SN ‘(0paAT)) (UD69131v°d)y <H90S™d
A MOU OUON 4 u Q) wQr&] €e (A LPAID'd) 1, <DOPT™2 €
o ‘(0PoAT]) A L £ (-) eosniowr ‘sprepy wgko| LT THPI-OPCIPP 0/ D<L T-€L67 4
AdD ‘VHIV ‘L ‘N aur[[rorxoure
01 gV 210A0§ ‘M “(OPIAT]) A 61 £ ‘DIDS (-)  Bosn[[ou ‘S)repm w9k 'l THYI-OPTIIPP 0/ D <L T-€L6™ I
Surdures
e odKouayd 2100S Surduwes urajoxd 3/nw
sSurpuy 19410 [eoturo 1ofejq NAT 1 2dA], ewweS-odAH jejuounear], odAjouayd remp  opdures je o8y [°A9] VAV SISOUSRIP OT)AUAD)  PAIPUTY

syuaned JUdIOYIp-7 VAV JO BIRp [BOIUI[D pue AJIATIOR QWIAZUD 7YY ‘SISOUSEI o1ouan) | 3jqel

pringer

a's



1918

Journal of Clinical Immunology (2021) 41:1915-1935

@ Springer

CD20+ P Lymphocytes >

Naive B ©

Memory B O

Controls

DADA2 Pts

4

w

gMFI CD38
N

0
Transitional Naive

Log,, lg secretion (ng/ml)

o

N W Ao

Heallhy DAz Pts 2
controls S 3
105 1.4 o
+
o
I
[m}
. O
X
I I *
100 o HC
0.22 8 g0 e Crs
o ° Pts
& 60
a
o 40
S 20
116 &
343 015 [1.44 0.072 10
: % 6
x 4
067 2
T 0
HC Crs Pts
072 o
+
©]
< K=
5.80 X
HC Crs Pts HC Crs Pts
CD38 CD5 CD21 CD23 IgM
| Trans |-
\ \ I A Naive |
rj\\ ‘ [ YT
e Foom
‘r\«;/ﬂ \‘\ J/ ::(A\/MM\‘ \ \ _
[T / L LA
A oA | ] |
i ‘\ Me‘%ﬁ\\ k W, ] / “/‘\\ B
il
LA SN I L L
4 *kk o HC
o o Crs
Q4 E s3 o Pts
834 . u:°_’
L =S
cn1 . .
0

HC Crs Pts

Memory

w

N

-

Log, Ig secretion (ng/ml)

o

HC Crs Pts

£
Transitional Naive Memory

- N w

Log,q Ig secretion (ng/ml)

o

HC Crs Pts



Journal of Clinical Immunology (2021) 41:1915-1935

1919

«Fig. 1 Impairment in peripheral B cell development and differen-
tiation in DADA?2 patients. Immunophenotyping was determined by
flow cytometry on PBMCs from healthy controls (HC), heterozy-
gous carriers (Crs) and DADA2 patients (Pts). Flow cytometric
plots and graphs showing the frequencies of A CD20" B cells within
the lymphocyte population; B transitional (CD10¥CD277), naive
(CD10°CD277) and memory (CD10~CD27%) subsets within the
CD20" B cell population; C, D IgA* and IgG* cells within the (C)
CD27~ and (D) CD27* memory B cell populations; E Representa-
tive histogram plots (top panels) show expression of CD38, CD21,
CD23, and IgM on transitional (red), naive (blue) and memory
(orange) B cells of healthy donors and DADA?2 patients, and sum-
marized in graphs (bottom panels) depicting geometric mean fluo-
rescent intensity (gMFI) normalized to the transitional B cell popula-
tion of healthy controls. F Sort-purified naive B cells from healthy
controls (HC), heterozygous carriers (Crs) and DADA?2 patients (Pts)
were stimulated in vitro with CD40L/IL-21 for 7 days. IgM, IgG
and IgA secretion was determined by ELISA. Graphs represent the
mean + S.E.M.; each symbol represents an individual. Significant dif-
ferences were determined by multiple #-tests with P <0.05 indicating
statistical significance or by Mann—Whitney #-tests with *P <0.05;
**P<0.01; ***P<0.001

Frequencies of transitional (CD27-CD10%), naive
(CD27°CD107), total memory (CD10-CD277), class-
switched memory (IgDIgM™, IgG* or IgA*) and CD21%¥
(CD197CD217) CD20" B cells were also determined. Sub-
sets of total NK cells were defined: immature CD56P"eht,
mature CD56%™CD57- and terminally differentiated
CD56%™CD57* cells. Classical (CD14*CD167), interme-
diate (CD147CD16%) and non-classical (CD14"CD16%)
subsets of monocytes were analyzed [23]. Lastly, DCs were
assessed by quantifying proportions of plasmacytoid DCs
(CD123*CD11c¢™), myeloid DCs (mDCs, CD11¢*CD123)
and mDC subsets: DC1 (CD141* mDCs, CD16" mDCs,
CDIc™ mDCs and CD1c¢!'”~. BM aspirates were incu-
bated with mAbs against CD34, CD19, CD20, CD10,
IgM and IgD. Populations of B-lineage cells (CD19%),
as well as pro-B (CD19*CD34*CD10"CD20"1gM"),
pre-BI (CD19*CD34-CD10MCD20"IgM™), pre-BII
(CD19*CD34-CD10MCD20%™IgM~/*), immature
(CD19*CD34-CD10™CD20*IgM™) and recirculating
mature (CD19*CD34~CD10~CD20") B cells, were quanti-
fied [24-26].

Functional Analysis of ADA2-Deficient Lymphocytes

Naive and memory CD4% T cells were isolated
after excluding Tregs (CD25"CD127'°) and sorting
CD4*CD45RATCCR7" and CD4"CD45RA™ cells respec-
tively. Total CD8" T and naive B cells were isolated as
CD8"CD4~ and CD20"CD10-CD27 IgG™ cells, respec-
tively. Sorted lymphocyte populations were labeled with
the division-tracing dye CellTrace™ Yellow (CTY). CD4*
T cells were cultured under ThO, or Thl-, or Th17-polar-
izing conditions and cytokine expression and production

were determined [27]. B cells were cultured with CD40L
(200 ng/ml) alone or in the absence or presence of IL-21
(50 ng/ml). Cells were harvested, stained with Zombie dye
to determine viability and enumerated with calibrate beads.
Ig secretion was determined by ELISA as described [28].
CD8* T cells were cultured with T cell expansion and acti-
vation (TAE; anti-CD3, anti-CD28, anti-CD2 mAb) beads
(Miltenyi Biotech, Bergisch Gladbach, Germany). After
4 days of culture, supernatants were harvested and assayed
for production of interferon (IFN)y, tumor necrosis factor
(TNF)-a, interleukin (IL)-2 and Granzyme A and Granzyme
B by cytometric bead array (Becton Dickinson) [29]. For all
cultures, cell viability was determined by Zombie Aqua™
live/dead discrimination dye, and proliferation was assessed
by the dilution of CTY.

ADA2 Testing

For all patients, plasma ADA?2 enzyme activity was meas-
ured by HPLC [30] and spectrophotometric [31] assays, as
described previously. The ADA2 activity in extracts of dried
plasma spots was measured as described [32].

IFN Score

The expression of six interferon-stimulated genes (ISGs) was
measured by quantitative PCR, and the median fold change
was used to calculate an interferon score (IS) for each sub-
ject compared to a previously derived panel of 20 or 13 local
controls, respectively, in the Leuven and Sydney sites (where
areading +2 SDs above the mean of healthy donors, i.e. an
IS of >2.466 or >2.188 for Leuven and Sydney respectively
is considered abnormal) as previously described [33].

Statistical Analysis

Significant differences were determined by multiple #-tests
with P <0.05 indicating statistical significance or by
Mann—Whitney U tests (GraphPad Prism v. 8.4.2, La Jolla,
CA, USA). Differences in mean values were considered sig-
nificant at P <0.05.

Results

Clinical Characteristics, ADA2 Mutations and Plasma
Enzyme Activity of ADA2-Deficient Patients

Ten DADA?2 patients (age range: 1 year and 10 months to
44 years) from 6 unrelated families, 5 carriers (from 3 fami-
lies) (age range: 43—73 years) and 27 healthy controls (age
range: 18—65 years) were included. Details on the clinical
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phenotype, ADA2 genotype and ADA2 enzymatic activity
of patients, heterozygous carriers and healthy donors are
listed in Table 1. Assessment of ADA2 function confirmed
that all patients with bi-allelic ADA2 variants had dramati-
cally reduced to undetectable levels of serum ADA?2 activity,
while all heterozygous carriers exhibited detectable ADA?2
levels, albeit reduced compared to healthy donors.

All patients suffered from vasculitis, ranging from livedo
racemosa to CNS vasculopathy (transient ischemic attack to
lacunar infarction). Severe viral infections were present in
five out of ten patients ranging from warts to viral encepha-
litis. Six of the 10 patients had hypogammaglobulinemia.
Interestingly, two of ten patients experienced severe local
reactions as well as fever and general malaise upon vacci-
nation with unconjugated pneumococcal vaccine. Another
patient experienced fever malaise upon vaccination with
conjugated pneumococcal vaccine and live attenuated MMR
vaccine after which vasculitis occurred for the first time.
Overall, there was significant phenotypic heterogeneity in
the severity of vasculitis and spectrum of organ involvement
within individual kindreds.

Human B Cell Development and Differentiation Is
Compromised by ADA2 Deficiency

Flow cytometric analysis revealed comparable frequencies
of CD20* B cells in peripheral blood of DADA?2 patients
(mean=16.4%) and healthy controls (10.6%; Fig. 1A).
Delineation of B cell subsets revealed significant increases
in percentages of transitional and naive B cells in DADA?2
patients compared to healthy controls. Consistent with
previous studies [1, 12, 13, 16], memory B cells were sig-
nificantly reduced in DADA?2 patients compared to healthy
donors (Fig. 1B).

We next assessed Ig class switching in vivo by quantify-
ing the frequencies of B cells that expressed IgG or IgA.
In healthy donors, the vast majority of class-switched B
cells are contained within the CD27" memory B cell sub-
set; however, a small proportion of IgG* and IgA* B cells
can also be detected within the CD27~ B cell subset [34].
Analysis of these B cell subsets demonstrated significantly
decreased proportions (~fivefold) of [gG* and IgA™ B cells
in both the CD27~ (naive) (Fig. 1C) and CD27" (mem-
ory) (Fig. 1D) B cell compartments. While frequencies of
total B cells were increased in healthy heterozygous carri-
ers (Fig. 1A), proportions of transitional, naive, memory
B cells (Fig. 1B) and class-switched B cells (Fig. 1C, D)
in heterozygous carriers were similar to healthy donors.
Together, these findings indicate that ADA2-deficiency
compromises not only the generation and/or maintenance
of the memory B cell pool, but also the ability of B cells to
undergo Ig class switching.

@ Springer

Circulating B Cells in ADA2-Deficient Patients
Exhibit a Block in Maturation

The increase in transitional and decrease in total and class-
switched memory B cells led us to further examine the matu-
ration status of B cell subsets in DADA?2 patients. This was
achieved by assessing the expression of a range of surface
molecules that are differentially expressed as human B cells
mature from transitional to naive, and naive to memory B
cells [24, 35, 36]. In healthy donors, CD38 and IgM are
highly expressed on transitional B cells and then downregu-
lated on naive and memory B cells [24, 35, 36] (Fig. 1E).
While this pattern was observed for ADA2-deficient B cell
subsets (Fig. 1E), the absolute levels of CD38 and IgM
expressed were significantly (~twofold) higher on transi-
tional, naive and memory B cells from DADA?2 patients than
those from healthy donors (Fig. 1E).

CD21 and CD23 increase as transitional B cells from
healthy donors develop into naive B cells, and then plateau/
decrease as naive B cells differentiate into memory B cells
[24, 36] (Fig. 1E). Compared to healthy donors, CD21 was
consistently and significantly reduced on ADA2-deficient
transitional B cells and failed to be upregulated on ADA2-
deficient memory B cells (Fig. 1E). CD23 was also lower on
ADAZ2-deficient transitional B cells (Fig. 1E). While CD23
was upregulated normally on ADA2-deficient naive B cells,
it continued to be more highly expressed on ADA2-deficient
memory B cells compared to memory B cells from healthy
donors (Fig. 1E). No differences were observed for CD19
or BAFF-R expression on transitional, naive or memory B
cells from healthy donors and DADA?2 patients (data not
shown). The phenotype of transitional, naive and memory
B cells from healthy heterozygous carriers was comparable
to that of healthy donors (Fig. 1E). Collectively, our detailed
analysis of peripheral B cell subsets indicates that ADA2
deficiency compromises B cell differentiation, resulting in
B cell populations that are developmentally less mature than
those in healthy donors.

To further explore B cell-intrinsic defects due to ADA2-
deficiency, we assessed the ability of naive B cells to prolif-
erate and differentiate in vitro in response to CD40L with or
without IL-21, which mimics T-dependent B-cell activation
[17, 37]. There were no significant differences in survival
(Fig. S1A) or proliferation (Fig. S1B) of naive B cells from
DADAZ? patients, heterozygous carriers or healthy donors
5 days post-stimulation. Similarly, induction of IgM and
IgG secretion by CD40L/IL-21 stimulation was unaffected
by heterozygous or bi-allelic mutations in ADA2 (Fig. 1F).
However, IgA secretion by naive ADA2-deficient B cells
was significantly reduced compared to healthy donor naive B
cells (Fig. 1F). Thus, naive B cells in DADA?2 patients have
an intrinsically impaired ability to differentiate into IgA-
secreting plasmablasts. Overall, ADA2 deficiency impacts
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Fig.2 ADA2 mutations impede B cell development in the bone
marrow at the preB to immature B cell stage. A, B BM aspirates
from healthy donors, or a DADA?2 patient were labeled with mAbs
against CD34, CD19, CD20, CDI10, IgM and IgD. A Propor-
tions of B-lineage cells (CD19%), pro-B (CD19*CD34*CD10"),
pre-BI  (CD19*CD34~CD10"), pre-BII (CD19*CD34-CD10"),
immature  (CD19*CD34"CD10™) and recirculating mature

(CD19"CD34~CD10~CD20") B cells. B Each BM B cell subset in
healthy donors (black histogram) and DADA2 patients (red histo-
gram) was assessed for expression of IgM (upper) and IgD (lower
panel). Values in B correspond to the gMFI of IgM and IgD expres-
sion on BM B cell subsets from in healthy donors (black) and the
DADAZ? patient (red)
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«Fig.3 Aberrant CD4" and CD8" T cell differentiation in DADA2
patients. Immunophenotyping by flow cytometry on PBMCs from
healthy controls (HC), heterozygous carriers (Crs) and DADA2
patients (Pts) was performed. Flow cytometric plots (left) and
graphs (right) show the frequencies of A CD4% and CD8* T cells
within the CD3* lymphocyte population; B CD25"CD127"Treg
within CD4* T cells; C, D naive (CD45RATCCR7%), cen-
tral memory (CM, CD45RA"CCR7%), effector memory (EM,
CD45RA™CCR77) and terminally differentiated effector memory
(EMRA, CD45RAYCCR77) subsets within C CD4% T cells and
D CD8* T cells; E naive (CD45RA-CXCR5 CCR7"), mem-
ory (CD45RA™CXCR57) and cTfh (CD45RA™CXCR5*) within
CD4*CD25"°CD127"°M T cells. F Representative histogram plots
(left) showing PD-1 expression on naive (red), memory (blue) and
cTfh (orange) CD4% T cells from healthy controls and DADA2
patients, and summarized in graphs (right) as gMFI normalized to
naive CD4% T cells of healthy controls. A—F Graphs represent the
mean =+ S.E.M.; each symbol represents an individual. Significant dif-
ferences were determined by multiple #-tests with P <0.05 indicating
statistical significance or by Mann—Whitney U-tests with *P <0.05;
**P<0.01; ***P <0.001

differentiation of peripheral naive B cells to memory B cells,
as well as class switching in vivo and generating of IgA-
secreting cells in vitro.

Arrested B Cell Development in ADA2-Deficient
Bone Marrow

To extend our observations into the defect in B cell
development observed in peripheral blood, we quan-
tified proportions of B-lineage cells (CD19%), as
well as pro-B (CD19*CD34*CD10"CD20 " 1gM"),
pre-BI (CD19*CD34-CD10MCD20"IgM™), pre-
BII (CD19*CD34-CD10"CD20%™IgM~"*), imma-
ture (CD19TCD34-CD10™CD20*IgM*) and mature
(CD19*CD34 CD10"CD20%) B cells in the BM of a
DADAZ2 patient who did not receive any immunosuppressive
treatment or anti-TNF agent. Frequencies of total B-lineage
cells and pro-B cells were comparable in the patient and
healthy donors (Fig. 2A). However, pre-BI and pre-BII cells
were markedly increased, and mature recirculating B cells
reduced, in DADA2 BM compared to those in control BM
(Fig. 2A). Although proportions of immature B cells were
similar in the patient and controls, ADA2-deficient immature
B cells exhibited features of altered maturation, evidenced
by delayed down-regulation of CD10 (Fig. 2A), elevated
expression of IgM (Fig. 2B), and reduced expression of IgD
(Fig. 2B). Consistent with fewer class-switched memory B
cells in the blood of DADA?2 patients (Fig. 1C),>98% of
mature ADA2-deficient BM B cells were IgM"IgD*, com-
pared to~80-85% in healthy controls (Fig. 2B). Thus, the
aberrant distribution and phenotype of peripheral B cell sub-
sets in ADA2-deficient patients likely result from a block in
B cell development in the BM, evidenced by an accumula-
tion of pre-B cells and underdeveloped immature B cells.

CD4* and CD8* Memory T cells and Regulatory T
Cells Are Reduced In Vivo in DADA2 Patients

We next examined the distribution and maturation status
of T cells in DADA2 patients. Proportions of total (CD3%)
T cells (Fig. S2A), as well as CD4% and CD8" T cells
(Fig. 3A), in peripheral blood of DADA?2 patients and
healthy donors were comparable. Heterozygous carri-
ers had modest but significantly increased CD4% T cells
and reduced CD8* T cells (Fig. 3A). Within the popula-
tion of CD4* T cells, Treg cells (CD25"CD127'°) were
significantly reduced in DADA2 patients compared
to those in healthy donors and heterozygous carriers
(Fig. 3B). Frequencies of naive (CD45RATCCR7%) T
cells were significantly increased, whereas central mem-
ory (Tcy, CD45RA™CCR7Y) and effector memory (Tgy,
CD45RATCCR77) T cells were significantly reduced
within both the CD4* and CD8" T cell subsets in DADA2
(Fig. 3C, D). There were no differences in proportions of
CD4" or CD8" Ty ra (CD45RATCCR7") cell subsets. In
general, the distribution of these CD4" and CD8* T cell
subsets in healthy heterozygous carriers was comparable
to healthy donors (Fig. 3C, D).

We also analyzed CD4* T cells for cTfh cells based
on differential expression of CD45RA, CXCRS5 and PD-1
(CD45RA-CXCR5"). The cTfh cells were present in
comparable frequencies in DADA2 patients, heterozy-
gous healthy carriers and healthy donors (Fig. 3E). This
was even more apparent when expressed as a propor-
tion of memory CD4* T cells (HC: 9.7 + 1.1%; carriers:
16 +3.4%; ADA2: 15.5+3.3%). The Tth cells can also
be characterized by assessing PD-1 expression, as well
as delineation into distinct subsets defined by differen-
tial expression of the chemokine receptors CCR6 and
CXCR3 [21, 38]. Consistent with our previous findings
[21], PD-1 was expressed at low levels on naive CD4" T
cells, and upregulated on memory CD4% and cTfh cells
from healthy donors (Fig. 3F). While similar expression
patterns of PD-1 were observed for memory and cTth cells
from healthy heterozygous carriers, PD-1 was significantly
increased on memory CD4* T and cTth cells from DADA2
patients (Fig. 3F). Proportions of Thl (CXCR3"CCR6"),
Th17 (CXCR3~CCR6™), Th2 (CXCR3CCR67) and Th1/
Th17 (CXCR3TCCR6™)-type cells within both memory
CD4* T cells and cTfh cell populations were also com-
parable between DADA2 patients and healthy donors
(Fig. S2B, C). Thus, although the generation of memory
T cells is compromised of ADA2 mutations, differentiation
of memory CD4" T cells to distinct effector fates remains
intact. Consequently, there is a quantitative rather than
qualitative effect of ADA2-deficiency on memory CD4%
T cells.
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«Fig.4 CD4* and CD8* T cells in DADA2 patients display an exac-
erbated senescent/exhausted phenotype. Expression of CD95, CD28,
CD57 and CX3CRI1 on naive (red), CM (blue), EM (orange), and
EMRA (green) subsets of A CD4" and B CD8" T cells from healthy
donors, heterozygous carriers and DADA?2 patients. Data are depicted
as histogram plots for healthy controls and DADA2 patients (top pan-
els) and summarized in graphs (bottom panels) which as gMFI nor-
malized to the naive CD4* (A) or CD8* (B) T cells from healthy con-
trols. Graphs represent the mean +S.E.M.; each symbol represents an
individual. Significant differences were determined by multiple #-tests
with *P<0.05; **P<0.01; ***P<0.001, indicating statistical sig-
nificance

CD4* and CD8" T Cell Differentiation Is
Compromised by ADA2 Deficiency

The expression of the surface receptors CD28, CD95, CD57
and CX3CR1, which change during differentiation of naive
CD4" and CD8" T cells to Tgyra subsets, was examined to
determine whether ADA2-deficient T cells exhibited fea-
tures of premature senescence or exhaustion [39, 40]. CD28
is constitutively expressed by naive CD4+ and CD8™ T cells,
slightly increased on Ty cells and then downregulated on
Tgy and Tgyra cells from healthy donors (Fig. 4A, B). In
contrast, CD95, CD57 and CX3CRI1 are absent from naive T
cells, and then incrementally increased as CD4* and CD8' T
cells differentiate (Fig. 4A, B) [40, 41]. Compared to healthy
donors, DADA2 patients exhibited significantly increased
expression of CD95 on naive CD4* and CD8" T cells
(Fig. 4A, B). CD28 expression was lower on naive CD8* T
cells in DADA?2 patients and then further and significantly
diminished on ADA2-deficient CD8% Ty, Ty and Teyra
cells compared to healthy donors (Fig. 4B). Within the mem-
ory T cell subsets, we observed significantly elevated levels
of CD95 on CD4* T, cells, CD57 on CD8™ Ty, cells and
CX3CR1 on CD8* Tgy, and Tgyra cells (Fig. 4A, B). Thus,
ADA2-deficiency exacerbates T cell differentiation, result-
ing in greater proportions of exhausted/senescent CD4* and
CD8™ T cells.

ADA2 Deficiency Impairs Granzyme Production
by CD8" Tg,, and Tgyp, Cells

To correlate alterations in surface phenotype with cell
function, we sorted CD8" Tgy Tpmra cells from healthy
donors, heterozygous carriers and DADA?2 patients and
examined survival and secretion of different cytokines after
in vitro stimulation with anti-CD2/CD3/CD28 mAbs alone
or together with IL-2 for 4 days. The viability of cultured
ADA2-deficient CD8" Tgy/Tgyra cells was significantly
reduced compared to healthy donors (Fig. 5A). While exoge-
nous IL-2 improved recovery of CD8" T cells from DADA2
patients, the overall survival of these cells continued to be
significantly less than that of CD8" T cells from healthy
donors (Fig. SA).

The production of IFN-y and TNF-o by ADA?2-deficient
CD8* Tgy and Tgyra cells was intact following in vitro
stimulation. However, ADA2-deficient CD8" Tpy/Tpyra
cells secreted significantly lower levels of granzyme A
compared to CD8* T cells from healthy donors (Fig. 5B).
Granzyme B secretion by ADA2-deficient CD8* T cells
tended to be reduced but did not reach statistical significance
(Fig. 5B). CD8" Tgy; and Tgyra cells from heterozygous
carriers produced similar levels of cytokines and granzymes
as CD8™ T cells from healthy donors (Fig. 5B). Reduced
granzyme A secretion by activated Tgy; and Tgyra CD8* T
cells from DADA?2 patients, combined with poor viability of
and increased CD57 expression by these cells, is consistent
with ADA2-deficient CD8* T cells undergoing premature
exhaustion and/or senescence. Unlike CD8" T cells, sur-
vival, cytokine secretion and effector function of CD4* T
cells were unaffected by ADA2 deficiency (Fig. S3).

Unconventional T Cells and NK Cell Subsets Are
Severely Reduced in DADA2 Patients

The consequences of ADA2 deficiency on unconventional
T cells have not been investigated. Thus, we quantified pro-
portions of y&* T cells, Va7.2*CD161* mucosal-associated
invariant T (MAIT) cells and VB11*Va24™ invariant natural
killer T (iNKT) cells within CD3" T cells. The proportions
of y8* T cells were similar in healthy donors, heterozygous
carriers and DADA?2 patients (Fig. 6A top). However, within
the y8* T cell subset, DADA?2 patients had significantly
fewer V827 cells than healthy donors (Fig. 6A bottom).
MAIT cells (Fig. 6B) and iNKT cells (Fig. 6C) were also
drastically (5-10-fold) and significantly reduced in DADA2
patients compared to healthy donors.

Within the lymphocyte population, NK cells were present
in comparable proportions in healthy controls, heterozygous
carriers and DADA? patients (Fig. 6D, top). However, when
we quantified distinct NK cell subsets [42, 43], immature
CD56e" NK cells were markedly increased and mature
CD56%™CD57~ NK cells were significantly reduced in
DADAZ2 patients (Fig. 6D, bottom). Thus, pathogenic ADA2
mutations compromise the generation and/or maintenance of
MAIT cell, NKT cells and V82* y8* T cells, as well as NK
cell differentiation.

Effect of ADA2 Deficiency on Dendritic Cells
and Monocytes

ADA? is highly expressed in dendritic cells (DCs) and
monocytes [44]. DCs were identified in PBMCs as HLA-
DR* and lineage marker (CD19, CD20, CD3, CD56,
CD14, CD235a)~ cells (Fig. 7A). Proportions of DCs in
healthy donors, heterozygous carriers and DADA?2 patients
were similar (Fig. 7B). Two major DC subsets can be
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resolved: CD1237CD11c¢™ plasmacytoid DCs (pDCs) and
CD123CD11c¢* myeloid DCs (mDCs or conventional DCs)
[45]. These subsets were detected at comparable frequencies
in DADA?2 patients and healthy controls (Fig. 7C). When
mDC subsets were further analyzed, consistent with previ-
ous studies, we found that CD1c" mDCs were the major
mDC subset in healthy donors, while CD141* mDCs were
least frequent (Fig. 7D) [46]. Compared to healthy donors,
DADAZ? patients had significantly reduced proportions of
CDIc" and CD141* mDCs subsets, comparable proportions
of CD1c¢'”~ mDCs and significantly increased proportions
of CD16*CD1c"~ ™DC (Fig. 7D). Altogether, these data
showed that while ADA2-deficiency does not impact overall
numbers and proportions of dendritic cells, it does alter the
distribution of mDC subsets.

The predominant monocyte subset in healthy donors,
heterozygous controls and DADA?2 patients is the clas-
sical (CD147CD167) subset, followed by intermediate
(CD14*CD16") and then non-classical (CD14~CD16%) sub-
sets (Fig. 8A, B). Compared to healthy donors, proportions

of classical monocytes were significantly reduced in DADA2
patients, with a concomitant and significant increase in inter-
mediate and non-classical monocytes (Fig. 8B). The increase
in non-classical monocytes was also significant in the carrier
group (Fig. 8B).

Several studies have reported a predominant type I IFN
signature, in some papers in combination with a neutrophil
signature, or type II IFN signature, in DADA?2 patients
[47-50]. We here also report increased type I IFN sig-
nature in all patients, but not in carriers, using a 6-gene
signature as previously described [33] (Table 1). For this
reason, we analyzed the expression of CD169/SIGLECI, a
cell adhesion protein induced by type I IFN-signaling and a
potential myeloid cell-specific biomarker for an overt type I
IFN response [51] on monocytes. While CD169/SIGLECI
is expressed at similar levels on classical, intermediate and
non-classical monocyte subsets present in healthy donors,
its level of expression was found to be twofold higher on
all subsets of ADA2-deficient monocytes (Fig. 8C). Thus,
ADAZ2-deficiency not only alters the distribution of myeloid
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Fig.5 Reduced viability and impaired cytokine secretion by ADA2-
deficient CD8" Tgyyemra Cells. Sort-purified combined Tryypvra
CD8* T cells from PBMCs of healthy controls, heterozygous carri-
ers and DADA? patients were stimulated in vitro with anti-CD2/CD3/
CD28 mAbs beads+IL-2 for 4 days and were analyzed for viability
and secretion of cytokines and cytotoxic granules. A Representa-
tive flow cytometric plot (left) showing viable cells. The values on
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the contour plots represent the percentage of ZombieAqua™ cells, and
thus viable cells, and are summarized in graphs (right). B Secretion
of IFN-y, TNF, granzyme A and granzyme B by Tgyypvra CD8" T
cells. Graphs represent the mean +S.E.M.; each symbol represents an
individual. Significant differences were determined by multiple #-tests
with *P<0.05; **P<0.01; ***P<0.001, indicating statistical sig-
nificance
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«Fig.7 Dendritic cell subsets in ADA?2 deficiency. A Gating strategy
for DC subsets. A broad gate containing lymphocyte and monocyte
populations was first gated against SSC-A vs FSC-A, followed by
single cells gated as FSC-H vs FSC-A. DCs were defined as nega-
tive for lineage markers (CD3, CD19, CD20, CD56, CD14, CD235a),
and HLA-DR™". DCs were gated as CD123 and CD11c¢ to distinguish
CD123*CD11¢™ plasmacytoid DCs (pDC) and CD123CDl1l1c*
myeloid (conventional) DCs. mDCs were gated as CD1c and CD16
to distinguish CDIc", CD1¢~ and CD16*CD1c"~ mDCs and for
CDlc and CD141 to identify CD141* mDCs. B-D Representative
flow cytometry plots and summary graphs showing proportions of
B Lin HLA-DR* DCs, C pDCs and mDCs within the DC popula-
tion and D CDIc", CD1¢"~, CD16+CDI1c"~ and CD141* mDC
subsets. Graphs represent mean + S.E.M.; each symbol represents an
individual. Significant differences were determined by Mann—Whit-
ney (B) or multiple (C, D) #-tests (**P <0.01)

cell subsets but also modulates the phenotype of monocytes
in terms of type I IFN dysregulation.

Discussion

In this report, we provide extensive immunophenotyping and
in vitro functional analyses of leukocytes from 10 patients
with DADA2. We confirm the defect in terminal B cell dif-
ferentiation in ADA2 deficiency [1, 2, 16, 52], evidenced
by lower proportions of the total as well as IgG- and IgA-
expressing memory B cells in these patients. Furthermore,
the phenotype of ADA2-deficient B cell subsets suggested
these cells were less mature than corresponding B cells in
healthy donors. Moreover, the peripheral B cell defect cor-
related with a block in B cell development in the BM at the
pre-B cell stage, as well as an intrinsic failure of DADA2 B
cells to differentiate into IgA-producing B cells. As the pro-
portions of CD27* memory B cells increase in the peripheral
blood of healthy individuals with age, it could be argued
that the memory B cell deficiency in DADA?2 reflects the
younger age of some of the patients in our cohort (< 10 years
old, Table 1). However, this is unlikely because frequencies
and numbers of memory B cell in healthy individuals reach
adult levels by 2—4 years of age [24, 53, 54]. Indeed, all but 1
patient (P7) had a paucity of memory B cells, including P8,
P9 and P10 who were > 40 years old, indicating age is not
a determinant of impaired B cell differentiation in DADA2.
Collectively, these data demonstrating an intrinsic matura-
tion B cell defect due to ADA2-deficiency may explain the
hypogammaglobulinemia and B cell lymphopenia character-
istic of DADA?2 patients. Moreover, there was no improve-
ment in hypogammaglobulinemia despite treatment with
etanercept (Table 1, data not shown) [12]. This may reflect
the requirement for TNF in establishing and maintaining the
anatomical structure of B-cell follicles in mice [55], and/or
the impact of TNF blockade on memory B cell maintenance
in secondary lymphoid tissues [56].

Extended lymphocyte immunophenotyping and func-
tional analysis also revealed several anomalies in DADA2
patients. First, we found a significantly reduced proportion
of Treg cells. This has also been noted previously in some
[13], but not all [16] studies. This is interesting as patients
with DADA?2 experience multiple auto-immune features
including cytopenia and auto-antibody production [3]. More-
over, the frequencies of naive CD4" and CD8™ T cells were
increased while Ty, and Tgy, cells were reduced, pointing
to a T cell differentiation defect. Second, ADA2-deficient
CD4* and CD8* memory T cells exhibited a dysfunctional
phenotype—elevated expression of PD-1, CD95, CX3CR1
and CD57; diminished expression of CD28—that has been
associated with poor proliferation, terminal differentiation
and exhaustion/senescence [57]. Third, ADA2-deficient
memory CD8* T cells exhibited diminished survival and
granzyme production in vitro. Fourth, DADA?2 patients
were also found to have significantly lower proportions of
MAIT, NKT, Vy82* T cells and mature CD56%™CD57~ NK
cells, but increased proportions of immature CD56°"€h NK
cells. Interestingly, Vy52 T cells are the most abundant y3T
cells in peripheral blood of healthy individuals and display
increased cytotoxicity against multiple viral and tumoral
antigens [58, 59]. Indeed, an inverse correlation between
proportions of V82¥ T cells and EBV reactivation has been
observed following HSCT [60, 61].

Taken together, it is likely that the senescent/exhausted
phenotype and impaired production of cytolytic molecules
by ADA2-deficient CD8* T cells, coupled with decreased
frequencies of Vy82* T cells and an accumulation of less
mature NK cells, contribute to refractory/recurrent viral
infections in ADA2-deficient patients [62—64]. From a
mechanistic perspective, ADA2 deficiency may lead to
increased activation of adenosine 2A receptors, reducing
T cell activation, in addition to reduced TCR signaling
and lytic activity of cytototoxic lymphocytes [65]. These
findings are reminiscent of our previous analysis of the
CD8™* T cell compartment in individuals with pathogenic
bi-allelic inactivating variants in DOCKS [40, 66, 67] or
gain-of-function variants in PIK3CD [39] who are also
susceptible to recurrent infections with herpes viruses and
have an abundance of dysfunctional exhausted-type CD8"
T cells. The defect in ADA2-deficient cytotoxic lympho-
cytes may also explain why some DADA?2 patients present
with hemophagocytic lymphohistiocytosis (unpublished
observation) or CD3*CD8"* large granular lymphocytes
[68, 69].

Interestingly, DC phenotyping showed significantly
increased proportions of CD167CD1c'”~ DCs. These DCs
or non-classical like monocytes have potent T cell stimula-
tory capacity and produce proinflammatory cytokines upon
TLR stimulation by TNF-a, IL6, IL12. Thus, these cells may
play a role in maintaining the inflammatory state observed
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Fig.8 Classical monocyte are reduced and IFN-signature detected
in ADA2 deficiency. A Gating strategy for monocyte subsets. A
broad monocyte gate was set according to SSC-A vs FSC-A, then
single cells defined by FSC-H by FSC-A. Lineage markers CD3,
CD19/CD20 and CD56 were used to exclude T, B and NK cells.
CD147CD16™ cells were also excluded. HLA-DR™* cells that
were CD16~ or CD16™ were defined as “true” monocytes. Finally,
three subsets were defined: CD147CD16~ classical, CD14*CD16%

in DADAZ2. In addition, reduced proportions of mDCs may
be associated with the overall defect in T and B cell immune
responses observed in vivo.
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intermediate and CD14~CD16% non-classical monocytes (23). B
Flow cytometry plots (left) showing the frequencies of classical
(CD147CD167), intermediate (CD14tCD16%) and non-classical
(CD14~CD16%) monocytes and summarized in graphs (right). C His-
tograms showing CD169 expression on classical, intermediate and
non-classical monocytes, and gMFI of CD169 summarized in graphs
(right). Significant differences were determined by multiple #-tests
(*P<0.05; **P <0.01)

DADAZ2 patients exhibited significantly reduced pro-
portions of classical monocytes and increased proportions
of intermediated and non-classical monocytes. Moreover,
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CD169/SIGLEC1 expression on each monocyte subset in
DADAZ?2 patients was significantly elevated compared to
healthy controls. The increased non-classical monocytes in
DADAZ2 may account in part for the observed inflammation
in these patients. Indeed, nonclassical monocytes are con-
sidered proinflammatory and a prominent source of TNF-a
compared to classical monocytes [70, 71]. Increased CD169/
SIGLECI expression is in line with reported evidence of
upregulated type I IFN signaling in DADA2. The concomi-
tant increase in proportions of intermediate monocytes is
interesting, as increases in both intermediate and nonclas-
sical monocyte subsets have been observed in patients with
lupus and sepsis, which are also characterized by type 1
IFN signatures [72]. Intriguingly, several patients with
DADAZ2 were initially diagnosed with lupus based on clini-
cal features and serum anti-dsDNA auto-antibodies [1, 11].
Interestingly, increased expression of SIGLEC-1 on myeloid
cells has been implicated in viral dissemination in models
of HSV1 and CMV infections, among other viruses [73].
Further study of the effect of increased SIGLEC-1 expres-
sion on the observed viral infections in DADA2 may shed
light on the intriguing coalescence of the type I IFN signa-
ture and susceptibility to viral infection. Finally, increased
SIGLEC-1 expression on monocytes from heterozygous

Reduced iNKT and
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mature NK cells
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production by CD8*
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carriers is consistent with the clinical observation that some
carriers of pathogenic ADA2 mutations exhibit signs and
symptoms compatible with DADA?2, although the carriers
tested here were reportedly asymptomatic. This biological
parallel of clinical phenotype in carriers is also evident from
the investigation of ADA2 deficient neutrophils [74].

In summary, we have identified a complex immunophe-
notype in DADA?2 with impaired differentiation of CD4*
and CD8* T cells and B cells, in addition to an exhausted/
senescent CD8* T cell phenotype. Unconventional T cells
are diminished whereas pro-inflammatory monocytes and
CD56 & immature NK cells are increased (Fig. 9). These
findings suggest a delicate balance between type I and type
ITIFN as well as TNF-a-driven hyperinflammation next to a
predisposition to severe viral infection and diminished anti-
body responses. Our findings confirm and extend a recently
published report [75, 76]. Although these are associations,
they invite a large prospective survey on the immunopheno-
type of ADA2-deficient patients to further our understanding
of the variable immunodeficiency manifestations. Moreo-
ver, as DADA2 may underlie humoral immunodeficiency,
patients with an immunophenotype in line with these find-
ing could be selected to have ADA2 enzyme activity tested
[12]. Our study is unique as several patients were not on any
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treatment. Also, the median age of the patients was young,
which may lead us to believe that there is less environmental
influence on the findings, in terms of longer ongoing inflam-
mation and multiple treatments. Ultimately, better knowl-
edge may aid in designing targeted therapy to prevent viral
infections in these patients with excessive inflammation as
the overarching phenotype.
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