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Down’s syndrome (DS) presents with a constellation of cardiac, neurocognitive and
growth impairments. Individuals with DS are also prone to severe infections and
autoimmunity including thyroiditis, type 1 diabetes, coeliac disease and alopecia
areata'?. Here, to investigate the mechanisms underlying autoimmune susceptibility,
we mapped the soluble and cellularimmune landscape of individuals with DS. We
found a persistent elevation of up to 22 cytokines at steady state (at levels often
exceeding those in patients with acute infection) and detected basal cellular
activation: chronic IL-6 signalling in CD4 T cells and a high proportion of plasmablasts
and CD11c'Tbet"e"CD21"" B cells (Tbet is also known as TBX21). This subset is known
tobe autoimmune-prone and displayed even greater autoreactive features in DS
including receptors with fewer non-reference nucleotides and higher IGHV4-34
utilization. In vitro, incubation of naive B cells in the plasma of individuals with DS or
with IL-6-activated T cells resulted in increased plasmablast differentiation compared
with control plasma or unstimulated T cells, respectively. Finally, we detected

365 auto-antibodies in the plasma of individuals with DS, which targeted the
gastrointestinal tract, the pancreas, the thyroid, the central nervous system, and the
immune system itself. Together, these data point to an autoimmunity-prone statein
DS, in which a steady-state cytokinopathy, hyperactivated CD4 T cells and ongoing

B cell activation all contribute to abreach inimmune tolerance. Our findings also open
therapeutic paths, as we demonstrate that T cell activation is resolved not only with
broad immunosuppressants such as Jak inhibitors, but also with the more tailored
approach of IL-6 inhibition.

First described by John Langdon Downin1866, Down’s syndrome (DS)
or trisomy 21 is the most common chromosomal anomaly in the USA
today, affecting 1in 700 newborn babies**. This extra copy of around
200 genes resultsinasyndrome with considerable phenotypic variabil-
ity thatincludes intellectual disability, developmental malformations—
particularly of the heart and the gut—and increased risk of Alzheimer’s
disease'. As care for individuals with DS has substantially improved in
recent decades’, the immune features of DS have become apparent:
patients have anincreased risk of severe infectious disease concomitant
with a higher incidence of autoimmunity including thyroiditis (50%),
coeliac disease (5%), alopeciaareata (1-11%) and type 1 diabetes (1%)"*°.

Recent studies into the molecular mechanisms of immunological
disease have focused on the overactive interferon (IFN) response’”’
and thymic dysfunction™ reported in individuals with DS as most IFN
receptor subunits and AIRE are expressed from chromosome 21. On the
innate side, monocytes fromindividuals with DS exhibit basal IFN-land
Il signalling and hyper-respond to IFNa and IFNy stimulation’. On the
adaptiveside, thymicarchitecture perturbations'® and T cell polariza-
tiontowards differentiated subsets have been described™. Furthermore,
low B cell counts in individuals with DS have been documented for
decades' and recent investigations have identified decreased prolif-
eration and increased apoptosis in this population®.
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Fig.1|Cytokine profilingindicates broadimmune dysregulationin most
individuals with DS. a, Multiplex cytokine analysis using the magnetic
Luminex assay of plasma from individuals with DS (n =21) and HC individuals
(n=10), expressed as the log,-transformed fold change (FC) over the mean HC
percytokine (cyt.). Unsupervised clustering of samples and cytokines using
the complete method (distance metric, Euclidean). Int., intermediate. b, PCA
analysis of serum cytokines from the samples. ¢,d, Raw values of acute phase
proteins (c) and T,2 cytokines (d) in the plasma of individuals with DS (n = 21)
and HCindividuals (n =10) measured using the magnetic Luminex assay.

e, The frequency of basophils expressed as the percentage of CD66b™ cells
(non-granulocytes) fromadults with DS (n =11) and age-matched HC

It is now understood that a tightly regulated immune response is
critical to prevent infection and excessive inflammation: the absence
of awell-orchestrated immune response leads to opportunisticinfec-
tions, whereas an overactiveimmune response leads to systemic organ
damage'. Where DS lies on this spectrum of immune dysregulation and
how it contributes to clinical manifestations is still largely unknown.

Down’s syndrome is a cytokinopathy

To capture the soluble immune landscape at steady-state in DS, we
performed acytokine array on plasmafromindividuals with DS (n = 21)
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individuals (n = 8).f, Raw values of IL-2and T,,1 cytokines in the plasma of
individuals with DS (n = 21) and HC individuals (n =10) measured using the
magnetic Luminex assay. g,h, Multiplex cytokine analysis using the magnetic
Luminex assay of plasma from blood drawn at separate timepoints from
individuals with DS (n = 6) expressed as log,-transformed fold change over the
mean HC individuals per cytokine followed by unsupervised clustering (g) and
asraw values (h). Nosignificant differences were detected on the basis of
paired t-tests between blood draws for each individual for each cytokine
(P>0.05forall pairs). For c-f, dataare mean + s.d. Significance was assessed
using two-tailed unpaired t-tests (c-e) and ANOVA with Tukey’s post hoc
analysis (f); *P < 0.05; **P< 0.005; ***P < 0.0005; ****P< 0.0001.

and age-matched healthy control (HC, n =10) individuals. Donors had
nosigns of infection at sampling. On the basis of unsupervised hierar-
chical clustering on 29 analytes, individuals with DS segregated into
3 distinct categories (Fig. 1a,b). One-third had widespread soluble
immune dysregulation with up to 2,000-fold elevation in 22 out of
the29 markers assayed. In 9 out of 21individuals, asubset of cytokines
was significantly elevated compared with in the control individuals
(including IL-13, IL-4, TNF (also known as LTa) IL-6 and IL-1c). Finally,
the remaining five individuals with DS clustered with HC individuals.
As previously reported for HC individuals®, there was a correlation
between inflammatory cytokine profiles and age in DS (analysis of
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Fig.2| T cellactivationinDSisrescued by Jakinhibition orIL-6 blockade.
a,b, Representative plots and calculated frequencies of CD4" (a) and CD8*

T cell naive, central memory (CM), effector memory (EM) and terminally
differentiated effector memory (TEMRA) (b) subsetsinwhole blood from
adults with DS (n=10) and age-matched HC individuals (n = 8). ¢, Basal STAT3
phosphorylationin CD4" T cell subsets from individuals with DS (n=19) and
age-matched HCindividuals (n =13) and expressed as the log,-transformed
fold change over the mean of HC individuals per subset. d-g, STAT3
phosphorylationin CD4" T cell subsets from individuals with DS, normalized

variance (ANOVA), P=0.0231; Extended Data Fig. 1a). After scoring
samples based on clinicalimmunological manifestations (Methods and
Extended Data Table 1), we observed a significant association between
immune scores and the cytokine-based clusters (ANOVA, P=0.0141;
Extended DataFig.1b).Itis notyet clear whether dysregulated cytokines
drive clinicalimmune dysfunctioninindividuals with DS, or vice versa.

To determine the magnitude of this global cytokine dysregulation,
we compared the cytokine profiles of individuals with DS and HC indi-
viduals at steady state, in mild or severe COVID-19 (n =13 (control) and
n=7(individuals with DS)) or another acute respiratory infection(n=1
individual with DS) (Extended Data Fig. 1c). The COVID-19 samples
were collected during hospitalization or at follow-up. Samples from
donors with DS and with COVID-19 were available at only one point,
whereas control samples were collected during the acute phase and
at follow-up. Notably, the cytokine profiles of the patients with an
infection (irrespective of ploidy, disease severity or infecting virus)
were not significantly different from those of uninfected individu-
als with DS—unbiased hierarchical clustering placed patients with an
infection across all three groups of individuals with DS. The uninfected
high-cytokine DS group had abroader, more severe inflammatory pro-
file compared with any patient with aninfection. Our findings suggest
that at least a third of individuals with DS have cytokine levels similar
to severe acute infection at the baseline.

The acute-phase proteinsIL-6, IL-la and TNF3 were basally elevatedin
mostindividuals with DS (Fig. 1a,c), consistent with previous studies'”.
Intracellular staining suggested that CD16* monocytes, conventional
dendritic cells (cDCs), and central memory CD4 and CD8 T cells from
individuals with DS contained slightly more IL-6 (Extended Data Fig. 1d).
Thelper2(T,2) cytokines IL-4 and IL-13, two central drivers of the aller-
gicresponse'®, were significantly elevated in the plasmaofindividuals
with DS (Fig. 1a,d), possibly explained by the concurrent increase in
basophils (Fig.1e). The role of other T cell subsets, especially T,2 and

to the maximum value per experiment after ex vivo whole-blood treatment
for 4 hwith JAK inhibition (tofacitinib) (500 nM) (n=7) (d); IFN blockade
(anti-IFNAR2 (5 pg mI™), anti-IFN« (0.2 pg mI™) and anti-IFNB (0.2 pg mlI™)
antibodies) (n = 6) (e); IL-10 blockade (anti-IL-10 (5 pg ml™) and anti-IL-10R

(5 pg ml™) antibodies) (n = 6) (f) or IL-6 blockade (tocilizumab, 50 pg ml™) (n=7)
(g).Inaandb, the whiskers denote the minimum and maximum values, the

box limits denote quartiles 1-3, and the centre bar denotes the mean. Fora-g,
significance was assessed using two-tailed unpaired t-tests; NS, not significant
(P>0.05).

T,9 cells, must be further examined. IL-2, T,,1 cytokines IL-12 and IFNy,
and the T,17 cytokine IL-17 were elevated in only the high-cytokine
subgroup of individuals with DS (Fig. 1a,f).

Measuring cytokine levels in multiple blood samples, drawn 5 to
10 months apart, we found that the immune profile of individuals
with DS was highly stable for both the high- and low-cytokine groups
(Fig. 1g,h). Our findings suggest that individuals with DS have stable,
long-lasting perturbations in their cytokine levels similar to those
in acute COVID-19. We conclude that DS can be considered to be a
cytokinopathy.

Basal IL-6-mediated T cell activation
Cytometry by time-of-flight (CyTOF)-based immunophenotyping of
wholeblood fromindividuals with DS and age-matched HC individuals
(Extended DataFig. 2a-i) revealed thatboth CD4 and CD8 T cellsin DS
were skewed towards amemory phenotype (Fig. 2a,band Extended Data
Fig.2d,e). There were fewer naive CD4 and CD8 T cellsinindividuals with
DS, with a concurrent increase in CD4 central memory frequency™".
Wealso uncovered baseline phosphorylated STAT3 (pSTAT3) in naive,
activated and central memory CD4 T cells of individuals with DS,
suggesting active cytokine signalling (Fig. 2c and Extended DataFig. 3a).
STAT3isatranscription factor thatisactivated downstream of mul-
tiple cytokines and growth factors?. When aberrantly phosphoryl-
ated, STAT3 contributes to lymphoproliferation, recurrentinfections
and increased autoimmunity including eczema, type 1 diabetes and
hypothyroidism?. Clinically, Mendelian STAT3 gain of function (GOF)
substantially overlaps with DS, indicating that engagement of STAT3
in CD4 T cells in DS may contribute to immune pathogenesis. The
molecular mechanism of disease in STAT3 GOF is still debated, but
STAT3 attenuation of STATS5 phosphorylationis the leading hypothesis.
In DS, basal phosphorylated STATS5 (pSTATS) levels were unaffectedin
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CD4 T cellsand evenincreased in CD4 TEMRAs (Extended Data Fig. 3b),
suggesting that other factors are involved.

Totest whether basal pSTAT3 is caused by cytokine signalling instead
of anintrinsic STAT3 GOF in DS, we incubated whole blood with the
FDA-approvedJakinhibitor tofacitinib. This treatment restored basal
pSTAT3 to control levels, indicating that STAT3 activation in DS is Jak
dependent (Fig. 2d and Extended Data Fig. 3c).

Giventhe detection of IFNai2 and IL-10 in asubset of individuals with
DS (Fig.1a), combined with the triplication of their cognate receptors
(IFNARI,IFNAR2 and IL1IORB) in DS, we hypothesized that basal pSTAT3
was dueto heightened IFN-l1orIL-10 response. However, IFN-Iblockade
did not affect basal pSTAT3 (Fig. 2e). Blocking IL-10 resulted in a mod-
estdecrease in pSTAT3 that was most pronounced in effector memory
CD4 cells (Fig. 2f), suggesting that IL-10 may contribute to baseline
signalling in DS. These blocking experiments were performed ex vivo,
sothe effect of these cytokines over time may not have been captured.

Having established that basal pSTAT3 is initiated upstream of Jaks
and largely independent of IFN-Iand IL-10, we turned to the IL-6-STAT3
axis. IL-6 is a potentinducer of pSTAT3 and was significantly elevated in
DS (Fig.1a,c). IL-6 blockade with the FDA-approved IL-6 receptor (IL-6R)
inhibitor tocilizumab fully abrogated pSTAT3 (Fig. 2g and Extended
Data Fig. 3d), indicating that IL-6 is a major mediator of baseline
CD4 activation in DS. Furthermore, there was no hyper-response to
exogenous IL-6 stimulation and no increase in IL-6R expression in DS
(Extended DataFig. 3e,f), confirming that elevated pSTAT3is aresult of
highIL-6 rather thananintrinsic gain of expression or functionin IL-6R.
Together, these data implicate IL-6 signalling in ongoing CD4 T cell
activation in DS and offer a more specific therapeutic target than Jak
inhibition for consideration by physicians treating individuals with DS.

Notably, genetic alterations of STAT3 signalling also lead to a distur-
bance of B cell subsets, with adecrease in arecently described atypical B
cellactivationinadults with STAT3loss of functionand a corresponding
increase inthese CD11c" B cellsin STAT3 GOF. Given our findings of basal
pSTAT3inDST cells, the overlap in clinical manifestations between DS
and STAT3 GOF, and previously documented B cell disturbances in DS,
we further investigated the B cell compartment.

Increased CD11c'Tbet"s"CD21"°" B cells

Total B cells were profoundly decreased in individuals with DS (Fig. 3a,b
and Extended DataFig. 4a) as seen previously?>?. Allwhole-blood sam-
ples were fixed before freezing, which enabled us to analyse all B cell
populationsincluding plasmablasts. The relative frequencies of B cell
subsets were altered in DS: memory B cells were slightly decreased
compared with HC individuals, whereas plasmablasts increased by
almost threefold (Fig. 3a,c). Given the unexpected co-occurrence of
elevated plasmablasts and depleted memory cells, combined with the
simultaneous widespread elevation of pro-inflammatory cytokines
and overactivation of CD4 T cells discussed above, we examined the
possibility that B cells undergo inordinate activation in DS.

CDliIc" B cells are thought to derive from naive B cells by cytokine and
Tcellstimulation and/or TLR engagement outside of germinal centres®.
They are also characterized by high Tbet and low CD21 expression
and can differentiate into plasmablasts®. The two major documented
subsets of CD11c’ B cellsare CD27 IgD* activated naive (aN) B cells and
asubpopulation of class-switched CD27 IgD™ (double-negative (DN2))
B cells®*? (Extended Data Fig. 4b). This B cell activation is a hallmark
ofthe heterogenous condition systemic lupus erythematosus (SLE). It
has also been described in other autoimmune and autoinflammatory
diseases including rheumatoid arthritis, ulcerative colitisand common
variable immunodeficiency®%2,

Our analysis revealed increased frequencies of CD11c* B cells in
both the IgD" naive and double-negative (CD27 IgD") compartments
inindividuals with DS compared within HCindividuals (Fig. 3d-f),ata
frequency comparable to mild SLE (Fig. 3d-f). Elevation of previously
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described CD11c" intermediates (aN and DN2 B cells) was concurrent
withareductionintraditional B cell activation, evidenced by decreased
frequenciesinresting naive (rN) and DN1B cells. The rN:aN and DN1:DN2
ratios were significantly lower inindividuals with DS and SLE compared
withinHCindividuals (Fig.3g). Despite theinherently variable cell fre-
quenciesinchildhood, aN B cells were significantly higherin children
with DS, and DN2 B cells trended upward (Extended Data Fig. 4c-g),
demonstrating that this atypical B cell activation also occurs earlyinlife.

We next performed high-dimensional analysis of functional mark-
ers of CD11c" B cells. As reported previously, both aN and DN2 B cells
displayed upregulation of the IFNy-induced transcription factor Tbet
(Fig.3h), and the surface receptors FAS (also known as CD95) and CD86
(alsoknown as B7-2)* (Fig. 3i). These cells also exhibited lower expres-
sion of CD21 (Fig. 3j). Expression of chemokine receptorsin CD11c" cells
was consistent with previously described extrafollicular activation. The
follicle-homing receptors CXCR5 and CCR7 were significantly downreg-
ulatedinaNand DN2B cells compared withinrNand DN1B cells (Fig. 3k),
concurrently withanincrease in CXCR3in aN cells (Fig. 3k), which sug-
gests homing potential to inflamed tissues®. We also found elevated
expression of amarker in aN B cells, CCR4 (Fig. 3k), a receptor thatis
classically associated with CD4 T,;2 cells and is thought to be involved
in homing to the skin and lungs®-*. Further research is needed to elu-
cidate whether CCR4 expression in these B cells can drive pathology.

Although CDI11c" B cell frequency in DS was not correlated with age”*
(Extended Data Fig. 4h), it was correlated with total cytokine levels
(Extended Data Fig. 4i), specifically IL-6 levels (Fig. 31), as well with the
frequency of circulating T follicular helper 1/17 (cT,1/17) cells (Fig.3m),
asinother primary immunodeficiencies?. This suggests that cytokines
and activated CD4 T cells contribute to putative extrafollicular B cell
differentiation®. Finally, CD11c" B cell frequency was correlated with
the number of autoimmune manifestations in our cohort (Extended
DataFig. 4j), indicating their potential role in autoimmunity.

In conclusion, CD11c* B cells are a prominent component of the
abnormal B cell response in DS. On the basis of our research and pre-
vious workin other inflammatory conditions®?%, we hypothesize that
this dysregulated B cell response weakensimmune tolerance and, ulti-
mately, contributes to autoimmunity in DS.

Ex vivo naive B cell differentiation

CD11c" B cells can differentiate into antibody-secreting plasmablasts
withlittle to no affinity maturation, potentially explaining their associa-
tion with autoimmunity®*. Invitro, we confirmed that stimulated CD11c*
B cells sorted from HC peripheral blood mononuclear cells (PBMCs)
differentiated into plasmablasts and secreted immunoglobulin G (IgG),
incontrast to treated naive cells (Fig. 4a,b). This was potentiated by the
addition of IFNy (Fig. 4a), as previously published”. In whole blood,
CD11c"Bcellfrequency was positively correlated with that of plasmab-
lasts (Fig.4c). We also confirmed that total IgGis elevated in DS plasma
compared to HC plasma® (Extended Data Fig. 4k).

We next performed experiments to test the mechanisms underlying
increased B cell activationin DS. To first address whether the cytokines
in DS plasma could induce this differentiation, we co-incubated naive
or total B cells sorted from control PBMCs in extrafollicular-stimulating
conditions? in the presence of IgG-depleted plasma derived from HC
individuals or individuals with DS. There was significantly more plas-
mablast differentiation in the presence of DS plasma compared to HC
plasma (Fig.4d and Extended Data Fig. 5a). Exogenous cytokine treat-
ment could also influence plasmablast differentiation: IFNa and IFNy
potentiated differentiation, whereas IL-4 restricted it>>*° (Extended
DataFig.5b-d).Individual blocking of IL-6, IFN-I, IFNy and TNF indonor
plasmahad no effect, whereasJak inhibitors inhibited plasmablast dif-
ferentiation, suggesting that a few cytokines are involved (Extended
DataFig. 5f). Blocking acombination of four cytokines (IL-6, IFN-I, IFNy
and TNF) reversed the DS plasma-induced augmentation of plasmablast
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Fig.3|Increased frequency of CD11c'Tbet"s"CD21'" B cellsin DS.

a, Representative t-distributed stochastic neighbour embedding (¢-SNE)
analysis of afixed number of B cells toillustrate subset distributionin whole
blood fromadults with DS and age-matched HC individuals. b,c, The frequency
inadults with DS (n=10) and age-matched HC individuals (n =10) of total B cells
expressed as the percentage of CD66b™ cells (non-granulocytes) (b) and B cell
subsets expressed as the percentage of total B cells (c). d-g, The frequency

in HC adults (n=10), adults with DS (n =10) and patients with SLE (n = 6) of
CDl1c'BcellsinthelgD* naive (CD27 CD38"*IgD*) or DN (CD27 CD38"*IgD")
compartments expressed as the percentage of total (d), IgD* naive (e) or DN (f)

differentiation (Fig. 4e). Thus, the cytokines present in DS plasma—at
least, IL-6, IFN-1, IFNy and TNF—are drivers of naive B cell differentia-
tion into plasmablasts.

Giventhe mountingevidenceinvivo that T cells drive extrafollicular
B cell activation®*?®, together with our findings of basal IL-6 signalling
in DS CD4 T cells, we tested whether T cells contribute to this B cell
response. Previous studies have demonstrated that T,,1-polarized T cells
can induce extrafollicular differentiation of naive B cells in vitro®*.
When we modelled DS CD4 T cell activation with exogenous IL-6,
co-culture of naive B cells and T cells pretreated with IL-2 and IL-6
resulted in plasmablast differentiation equivalent to that of T,;1-B cell
co-cultures (Fig. 4f). Exogenous IL-6 alone did not affect plasmablast
differentiation (Extended Data Fig. 5b). Furthermore, T,1-cell- and
IL-6-primed CD4 T cells induced CD11c expression in co-cultured B
cells (Fig.4g), together with CD21 downregulation (Fig. 4h) and aslight
increase in Tbet (Extended Data Fig. 5g). Although IFNy is thought to

10
cTp,1/17 (percentage of memory CD4+ T cells)

Bcells, and the log,-transformed ratios of CD11c* subsets to CD11c” subset
(rN:aN and DN2:DN1) (g). h-k, Intracellular Tbet expression (h), and surface
expression of FAS and CD86 (i), CD21(j) and CXCRS, CCR7, CCR4 and CXCR3

(k) innaiveand DN B cells from both HC individuals (n = 2-4) and individuals
with DS (n=3-10). MSI, mean signal intensity; MFI, mean fluorescence intensity.
I,m, Correlation of CD11c* B cells and circulating IL-6 (I) and cT,1/17 (m).
r,Pearson correlation coefficient. Inb-g, the whiskers denote the minimum
and maximum values, the box limits denote quartile1to quartile 3,and the centre
bar denotes the mean. Significance was assessed using two-tailed unpaired
t-tests (b and h-k) and one-way ANOVA with Tukey’s post hoc analysis (d-g).

have amajorroleinthe T,1-mediated atypical B cell differentiation and
was indeed present in the T,;,1 supernatants, we did not detect IFNyin
thelL-6 conditions (Extended Data Fig. 5Sh), whichindicates that other
cytokines drive B cell activation in these conditions. Together, these
results demonstrate that cytokinesand T cellsin combination can drive
anextrafollicular B cell response.

Tobetter replicate the physiological conditions of DS, we performed
these experiments with pre-incubation of T cellsin plasma derived from
individuals with DS. We found that these cellsinduced increased plas-
mablast differentiation of naive B cells compared with T cellsincubated
incontrol plasma (Extended Data Fig. 5i). Finally, to determine whether
activated CD4 T cells of individuals with DS are poised to induce dif-
ferentiation of naive B cells, we isolated CD4 T cells from control indi-
viduals (n =4) and individuals with DS (n =2) and co-cultured them
with CD11c™ naive B cells in syngeneic co-cultures. Without exogenous
polarization, T cells from individuals with DS induced more CD11c
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Fig.4|Bcellactivationby DS plasmaand stimulated T cells. a,b, Plasma cell
differentiation (a) and secreted IgG in the supernatant (b) after culture for

4 days of sorted HC naive or CD11c" B cellsin the presence of BAFF, IL-2, IL-10, IL-21,
the TLR7/8ligand R848 with or without IFNy. n =3 biologically independent
samples.Norm., normalized. c, Correlation of CD11c" B cell and plasmablast
frequenciesinadults DS (n=12) and age-matched HC individuals (n = 8).

d, Plasma cell differentiation after culture for 6 days of sorted HC naive B cells
inthe presence of BAFF, IL-2,1L-10, IL-21,R848 and IgG-depleted plasma from
HCindividuals (n=2) orindividuals with DS (n = 4). e, Magnetic-activated cell
sorting (MACS)-isolated naive B cells from a healthy donor were cultured for

3 days with BAFF, IL-2,1L-21,R848, anti-IgM and plasma of HC individuals or
individuals with DSin the presence of acombination of antibodies blocking
IFN-1, IFN-II, IL-6 and TFNa signalling, in triplicates. Significance was assessed

expression and plasmablast differentiation than those of HC individu-
als (Fig.4i,j). These dataindicate that cytokine milieu and steady-state
cellular activation contribute to atypical B cell activationin DS.

Autoimmune featuresin CD11c' B cells

Next, welooked atimmunoglobulinisotype expression to further ascer-
tainthe antibody-secreting potential and the naivety of CD11c* B cells.
The frequency of IgD*CD11c" B cells was intermediate between naive
and memory B cells (Fig. 5a). The proportion of IgA"CD11c" B cells was
similar tomemory B cells (Fig. 5b), demonstrating thataportion of these
atypical cells have gone through class switching and are therefore prob-
ably antigen experienced. We did not detect significant differences in
isotype usage between HC and DS CD11c" B cells (Extended Data Fig. 6a).
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using two-tailed unpaired t-tests. Dataare mean = s.e.m. Theresults are
representative of two independent experiments with n=2 donors per group.
f-h, Co-cultures containing T cells activated with IL-6, IL-2, both or polarized
into Tl cellswithIL-2,IL-12 and anti-1L-4 together with MACS-isolated naive

B cells from the same donor, runintriplicates. The frequency of plasmablasts
(f) and extracellular CD11cinduction (g) and downregulation of CD21expression
(h) in non-plasmablast B cells after co-culture for 3-6 days. Significance was
assessed using one-way ANOVA with Tukey’s post hoc analysis. ,j, CD11c
induction (i) and plasmablast differentiation (j) in naive CD11c” B cellsisolated
from controls (n =4) orindividuals with DS (n =2) after 3 days of co-culture with
CD4 T cellsisolated from the same donors (syngeneic cultures). For b, d and f-j,
dataaremean *s.d.

To assess the clonality of CD11c" B cells, we performed B cell recep-
tor (BCR) sequencing (BCR-seq) of DNA from sorted naive, CD11c*
and memory B cells from individuals with DS (n = 6) and age-matched
controlindividuals (n = 6) at steady state (Extended Data Fig. 6b,c). In
naive cells, around 99% of BCRs were unique, whereas, in CD11c" cells
and memory cells, up to 7% of BCRs were expanded (Fig. 5c), suggesting
that, like memory B cells, CD11c" B cells undergo clonal expansion (or
are the result of clonal expansion) rather than non-specific stimula-
tion. There was no difference in clonality in CD11c* B cells between HC
individuals and individuals with DS, as evidenced by similar fractions
of non-unique BCR templates (Fig. 5¢) and similar Simpson diversity
index metrics (Extended Data Fig. 6d). The complementarity deter-
mining region 3 (CDR3) repertoires of CD11c* and memory B cell sub-
sets overlapped at the nucleotide and amino acid levels (Extended
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Fig.5|CD11c’Bcellsfromindividuals with DS are more prone to
autoreactivity. a,b, Expression of IgD (a) and IgA (b) in naive, CD11c" and
memory B cells and plasmablasts from adults with DS and age-matched HC
individuals.n=3each.c-h,BCRsequencing analysis of genomic DNAisolated
fromsorted naive, CD11c* and memory B cells from controls (n = 6) and
individuals with DS (n = 6). ¢, The fraction of productive BCRs represented
more thanonceineachsample. Individuals from whom asample had fewer
than1,000 productive templates were excluded.d, CDR3 length of productive
BCRsinBcellssubsetsin HC and DS, expressed as the number of nucleotides
(nt). e, The mean number of nucleotides different fromreferenceintheVgene
of productive BCRsinB cells subsetsinHC and DS. f, The frequency of productive
BCRsthat were aligned to the IGHV4-34 gene in each sample. g, 9G4 surface

Data Fig. 6e,f), demonstrating that cells in these two phenotypically
defined subsets derive from the same lineage. In future studies, BCR-seq
analysis of donorsimmunized with a known antigen will enable closer
examination of clonal expansions of these B cells.

The median CDR3 length of CD11c" B cells was similar to that of naive
cells and significantly longer than that of memory cells (Fig. 5d). It
was not significantly different between these cells in individuals with
DS and HC individuals. Increased CDR3 length in antibody-secreting
cells is associated with antibody polyreactivity and autoimmunitys,
suggesting that these CD11c" B cells are prone to autoreactivity.

The number of non-reference nucleotides in the V genes of CD11c*
B cells was intermediate between that of naive and memory B cells
(Fig.5e). Notably, CD11c" B cellsinindividuals with DS had significantly
fewer non-reference nucleotides compared with in HC individuals.
This mayindicate acomparative lack of somatic hypermutation, which
could lead to a broader, more non-specific humoral response. Our
method was limited to CDR3 sequencing; thus, characterization of the
full antigen-binding regionisstill needed to ascertain the true somatic
hypermutation rate.

Analysis of BCR V gene usage (Extended Data Fig. 6g) revealed that
CD11c’ B cell expansion is probably more autoreactive in individuals
with DS thaninHC individuals. There was asignificantly higher usage of
the/GHV4-34 gene, which is associated with autoreactivity*s,in CD11c*

expressionin naive, CD11c* and memory B cells from HC individuals (n = 3)
andindividuals with DS (n = 3). h, ELISA quantification of 9G4 antibodiesin the
plasmaof HC individuals (n = 8), and individuals with DS in the low/medium
(n=7)andhigh (n=35) cytokine groups, expressed as the fold change over
HCindividuals. OD 4, optical density at 490 nm.Fora,b,gand h, dataare
mean +s.d. For d-f, the whiskers denote the minimum and maximum values,
theboxlimits denote quartile1to quartile 3,and the centre bar denotes the
mean. Significanceinaandhand significance between cell subsetsindwas
assessed using one-way ANOVA with Tukey’s post-hoc analysis. Significancein
d-gbetweenthe HCand DS groups was assessed using two-tailed paired
t-tests.

B cells in DS (Fig. 5f). We confirmed these BCR-seq results using flow
cytometry: 9G4 idiotype antibodies encoded by this IGHV4-34 gene seg-
ment were more highly expressedin these atypical B cells in DS (Fig. 5g).
Invitro stimulation of sorted CD11c” B cellsinto antibody-secreting cells
led to higher 9G4 secretion than from memory B cells (Extended Data
Fig. 4h), further accentuating the link between these rare B cells and
autoimmune potential. Circulating 9G4 antibodies were also elevated
in the plasma of individuals with DS and were more abundant in the
high-cytokineindividuals with DS thanin the low/intermediate groups
(Fig. 5h). 9G4 antibodies are known contributors of autoimmunity
in SLE, displaying specificity for nuclear antigens, dSDNA and apop-
totic cells**°. In conclusion, CD11¢* B cellsin DS are present at a higher
frequency and are more likely to exhibit features of self-reactive BCRs.

Autoantibodies are enriched in DS

Given clinical autoimmunity in DS and our findings of cytokine dysregu-
lation and autoimmune-prone B cells, we hypothesized that trisomy
21results in the generation of autoantibodies. To characterize the DS
autoreactive repertoire, we assessed the plasmalgG and IgA reactivity
ofindividuals with DS (n = 5), age-matched healthy individuals (n=4),
3 individuals withimmunodysregulation polyendocrinopathy enter-
opathy X-linked syndrome (IPEX) and 1 individual with autoimmune
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Fig. 6 | Autoantibody repertoireinindividuals with DS. a, PCA analysis of
the HuProt IgG dataset for adults with DS (n =5), age-matched HC individuals
(n=4),and patients with IPEX (n=3) and APS-1(n=1).b, The number of IgG
autoantigens enriched at least twofold inindividuals with DS, IPEX and APS-1
compared with HC individuals. ¢, Enriched IgG autoantigens overlapping
betweendisease groups.d, Enriched IgG autoantigensin HCindividualsandin
individuals with DS, IPEX and APS-1. The colour intensity corresponds to the
log,-transformed fold change expression value relative to the mean of healthy
adult controls. F, female; M, male; NA, unknown. e, Chromosomal expression
pattern of IgG autoantigens enriched in DS. f, Gene expression pattern of IgG
autoantigens enrichedin DS (n=S5) according to the Human Protein Atlas.

g, GO analysis of IgG autoantigens enriched in DS ranked by the number of
autoantigens found to be enriched in the associated gene set. The dot size and

polyglandular syndrome type1(APS-1) (disease controls; n = 4) against
>21,000 conformationally intact human proteins (CDIHuProt protein
microarray) (Fig. 6a and Extended Data Fig. 7a-d).

Principal component analysis (PCA) grouped DS samples together
and away from HC individuals (Fig. 6a), indicating differential
self-antigen binding. The DS samples clustered with samples from
patients withIPEX (n =3), and away from the sample from the individual

312 | Nature | Vol 615 | 9 March 2023

Detection level

o[+ - M-

ATP1B2
LRRC4C

colourintensity correspond to the FDR-adjusted Pvalue. Med., mediated; NK,
naturalkiller; reg., regulation; sig, signalling; surf, surface; sys., system. h, The
surface expression of CD64 in monocytes, natural killer cells fromindividuals
with DS (n=14) and age-matched HC individuals (n = 8). Mono, monocytes. i,
ELISA analysis of anti-IFNGR2 autoantibodies in the plasma from adults with DS
(n=4)andage-matched HCindividuals (n=7).j, Neutralizing IFNy signalling in
THP-1cellsbyIgG fraction of plasma from adults with DS (n = 3), age-matched
HCindividuals (n = 3) or recombinant anti-IFNGR2 antibody. Significance was
assessed using one-way ANOVA with Tukey’s post hoc analysis. Forhandi,
significance was assessed using two-tailed unpaired t-tests. Forhandj, dataare
mean *s.d. Fori, the whiskers denote the minimum and maximum values, the
box limits denote quartile1to quartile 3, and the centre bar denotes the mean.

with APS-1(n=1) (caused by mutation in A/IRE), although the low sample
number is animportant caveat (Fig. 6a).

Analysis of differentially abundant autoantigensinindividuals with
DS compared with HC individuals (log,-transformed fold change > 1,
P<0.05) yielded 365 proteins, in contrast to 257 and 829 proteins
for APS-1and IPEX, respectively (Fig. 6b). This indicates that autoim-
munity in trisomy 21 is on par with bona fide autoimmune diseases.



We observed little overlap of autoantigens between DS and APS-1
(2out 0f 257), whereas alarge proportion of the DS autoantigens over-
lapped with those in IPEX (228 out of 829) (Fig. 6¢,d), a syndrome of
severe multiorgan inflammation caused by defects in T regulatory
(T.eg) cells. The highly similar autoantibody repertoires points to
T cell overactivation as a possible driver of autoreactive B cells in DS.
Consistent with this finding, absolute T, cell counts were decreased
inindividuals with DS compared within HC individuals, despite similar
T cell frequency* (Extended Data Fig. 2f,g). Finally, 120 autoanti-
gens were unique to DS, including metabolic (TPH1, ATP5F1, PLPP2),
cell signalling (RRAGC, GPR143, PTGER4), immune signalling (DTX4,
CCL11, TROVE2) and neuronal pathway intermediates (ABAT, ATP6V1G2,
KCTD7?) (Fig. 6¢,d and Supplementary Dataland 2).

The autoantigens enriched in DS were encoded across all 23 chromo-
somes (Fig. 6e). They included proteins expressed at sites of clinical
autoimmunity in DS, such as the gastrointestinal tract (MUC4, ENPP3,
FABP6) and the pancreas (AMY1A, CELA3A, CTRL) (Fig. 6f). The four
individuals with DS with hypothyroidism assayed did not have known
anti-thyroid autoantibodies in contrast to previously described indi-
viduals with DS**but, instead, had antibodies directed against proteins
non-specifically expressed in the thyroid (CALR, LYSMD4, CYP20A1)
(Fig. 6f). We also saw an enrichment of autoantigens expressed
in the central nervous system (CNS) (ATP1B2, LRRC4C, ATP6V1G2)
(Fig. 6f). Although antibodies cannot cross the intact blood-brain
barrier, pathology can be mediated through a weakened blood-brain
barrier®. Erroneous expression of normally neuronally restricted
markers through altered gene expression in DS is another potential
mechanism**. Given the prominent central nervous system features of
DS, further investigation is warranted. Finally, immune autoantigens
were prominently enriched in DS, including IFNGR2, TLR9, CD1C and
IL-1R2 (Fig. 6f,g and Extended Data Fig. 7e). Immune system process,
cell-surface receptor signalling and immune response were the most
significantly enriched Gene Ontology (GO) terms (Fig. 6g). Abundant
autoantibodies directed against the immune system may promote
further immune dysregulation.

Onthe cellularside, we detected increased expression of high-affinity
FCGRIA (also known as CD64) in monocytes and natural killer cells in
DS (Fig. 6h). This receptor can engage bound antibodies and immune
complexes to trigger potent inflammation and tissue injury®. Cellsin
individuals with DS may be poised to cause tissue damage based on
the observed expression patterns.

We next validated the HuProt array results using an enzyme-linked
immunosorbent assay (ELISA), confirming the presence of anti-IFNGR2,
MSTN and ATP6V1G2 autoantibodies in individuals with DS but not
in HC individuals (Fig. 6i and Extended Data Fig. 7f). We then func-
tionally tested anti-IFNGR2 autoantibodies (enriched 2.7-fold in DS,
false-discoveryrate (FDR) = 0.01): compared to HCIgG, DS IgG resulted
inasignificant decrease inthe response to IFNy as measured by pSTAT1
(Fig. 6j). This demonstrates that immune-targeting autoantibodies
inindividuals with DS can directly inhibit the activity of cytokines. As
genetic defects in IFNy signalling cause susceptibility to mycobacte-
rial disease*®, anti-IFNGR2 autoantibodies may predispose individuals
with DS to mycobacterial disease, which should be investigated in DS
especially asindividuals age.

Giventheincreased susceptibility to severe COVID-19 inindividuals
with DS*, we examined anti-IFN-l autoantibodies. These were modestly
enriched in individuals with DS compared with HC individuals in the
CDl array, but much less so than in APS-1 (Extended Data Fig. 7g). We
confirmed anti-IFNa2 and anti-IFNw autoantibody enrichment in DS
by Gyros assay, at titres over tenfold lower than that of APS-1samples
(Extended Data Fig. 7h). Plasma fromindividuals with DS with or with-
out COVID-19 was insufficient to inhibit IFN-I, whereas samples from
the individual with APS-1fully abrogated IFN-I signalling. We noted
only mild neutralization of very low amounts of IFNa2 (100 pg ml™)
by DS plasma (Extended Data Fig. 7i).

In conclusion, we detected a prominent autoantibody landscapein
the plasma of individuals with DS. Together with our findings of B and
T cell activation, we hypothesize that this broad humoral response
predisposes individuals with DS to form high-affinity, tissue-specific
antibodies that manifest clinically as autoimmune disease.

Discussion

Autoantibodies in DS have long been implicated in many of the
syndrome’s features, such as thyroid disease, type 1 diabetes and
even cognitive decline**5>°, Here we delineate the predisposition
to autoreactivity and identify the autoantibody repertoire in DS
(Extended DataFig. 8). Two of the dysregulated immune features that
we detected—the cytokine landscape and CD11c" B cell frequency—had
a direct moderate association with clinicalimmune manifestations
(P=0.0141by ANOVA and P=0.0795 by * test, respectively). Perhaps
dampening chronic steady-state inflammation in DS could prevent
the accumulation of self-reactive autoantibodies and lessen disease
burden.

We identified an increased frequency of CD11c'Tbet*CD21"°"
B cells as a hallmark of immune dysregulation in DS and established a
link between these cells and the elevated plasmablast frequency and
increased IgG in DS plasma. Others have also implicated these cellsin
the production of self-reactive antibodies**, which may partly explain
autoimmune susceptibility in DS. Beyond the increased frequency
of these intrinsically pro-inflammatory cells in DS, BCR sequencing
revealed that CD11c" cells are more likely to have self-reactive features.
Thus, in DS, these putatively extrafollicular B cells are skewed towards
autoimmunity in both quantity and quality. Their direct involvement
in the generation of autoantibodies and their potential damage at the
tissue level merit further investigation.

We uncovered activation of naive B cells not only by cytokines in
DS plasma but also by CD4 T cells with basal pSTAT3. Patients with
STAT3loss-of-function mutations have fewer CD11c" B cells, whereas
those with STAT3GOF mutations have more®, like individuals with DS.
Althoughitis unclear whether the exaggerated naive B cell activation
in STAT3 GOF is due to intrinsic STAT3-mediated signalling in B cells,
stimulationby overactive T cells or both, we hypothesize that baseline
T cell activation in DS has an important role in this B cell response.
This notion is further emphasized by the similarity in autoantibody
repertoires between DS and IPEX, an autoimmune disease mediated
bylack of T cell regulation. Our in vitro experiments demonstrate that
IL-6 activation of T cellsis sufficient to drive the differentiation of naive
Bcellsinto CD11c* B cells and plasmablasts. Although the physiological
implications of this model must be firmly tested, these data provide
amechanistic link between IL-6 activation of T cells and this atypical
B cell response. Thus, resolving basal T cell activation in DS with aJak
inhibitor or IL-6 blockadeis a promising therapeutic avenue to temper
hyperinflammation and the autoimmune feed-forward loop that we
describe.
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Methods

Sample collection

The study was approved under protocols at Mount Sinai Health System
(MSHS) (IRB-18-00638/ STUDY-18-00627 and IRB-20-03276), Boston
Children’s Hospital (04-09-113R), National Institute of Allergy and
Infectious Disease (NIAID, NIH) (05-1-0213), Rockefeller University
(JCA-0700 and XFK-0815), the French Ethics Committee Comité de
Protection des Personnes, the French National Agency for Medicine
and Health Product Safety and the Institut National delaSantéetdela
Recherche Médicale (protocols C10-13 and C10-14). Patients were
approached in person at the hospital or by email obtained through
the NIH’s DS-Connect national registry (https://dsconnect.nih.gov).
All patient data were deidentified. Written informed consent for all
individuals in this study was provided in compliance with an institu-
tional review board protocol. All samples from uninfected patients
were drawn in the context of an outpatient routine visit and patients
exhibited nosigns of infection (fever, runny nose, cough, sore throat).
Demographics and characteristics of individuals with DS are outlined
inExtended Data Tables1and 2. For the six patients with SLE included
inFig. 3 and Extended Data Fig. 4, four had severe disease with renal
involvement, one had moderate disease without renal involvement and
one had mild disease with renal involvement that was resolved at time
of sampling (Extended Data Table 3). Half of the patients had active dis-
ease and the other three donors werein remission on treatment. From
eachdonor, blood was drawninto a cell preparation tube with sodium
heparin (BD Vacutainer). Plasmawas isolated from Ficoll separation and
stored at—80 °Cuntil use. Whole blood was either directly fixed using
Proteomic Stabilizer PROT1(SmartTube) and frozenat-80 °C, or fresh
whole-blood samples were stained by adding 270 pl blood directly to
a MDIPA tube containing the lyophilized antibody panel, mixing and
incubating for 30 min at room temperature, followed by stabilization
with PROT1 and freezing.

Determination of clinicalimmune dysfunctionscore

A clinical questionnaire was filled out by patients’ legal guardian or
referring physician. One point was administered for each autoimmune
manifestation orinfectious episode. In casesin which an episode (such
as pneumonia) was characterized as recurrent or reported more than
three times, we capped the score for this category at three points. For
example, ifapatient had hypothyroidismand 12 ear infections, the total
immune clinical score for this patient would be 4 points.

Mass cytometry

The detailed protocol for mass cytometry was previously described®.
Frozenstabilized blood samples were thawed according to the manu-
facturer’s recommended protocol, then washed with barcode per-
meabilization buffer (Fluidigm). The samples were uniquely barcoded
using the Cell-ID 20-Plex Pd Barcoding Kit (Fluidigm) and pooled
together. For previously unstained samples, cells were incubated with
an antibody cocktail for surface markers to identify major immune
populations, followed by methanol permeabilization, heparin-block
and stain with a cocktail of antibodies against intracellular targets,
including markers of phosphorylation and signalling. All of the fol-
lowing antibodies were purchased from Fluidigm: Cd111-granzyme
B, Cd112-IgA, In113-CD57, In115-CDl1l1c, Cd116-IgD, 1127-1271, Cel40-
140Ce, Pr141-Ki67, Nd142-CD19, Nd143-CD45RA, Nd144-CD103,
Nd145-CD4, Nd146-CD8, Sm147-pSTATS5, 150Nd-pSTATS5, Nd148-
CD16, Sm149-CD127, Sm149-pSTAT6, Nd150-CDI1c, Eul51-CD123,
Sm152-CD66b, Eu153-pSTAT1, Sm154-1COS, Gd155-CD27, Gd156-p38,
158Gd-pSTAT3, Tb159-pMAPKAP2, Gd160-CD14, Dy161-CD56, Dy162-
TCRgd, Dy162-CD169, Dy163-CD172a/b, Dy164-CD69, Ho165-CD64,
Ho165-STAT3, Er166-CD25, Er167-pERK1/2, Er168-CD3, Tm169-CD71,
Tm169-STAT1,Er170-CD38,Yb171-CD95,Yb171-CD141,Yb172-CD39,Yb173-
Tbet, Yb174-HLADR, Lul75-pS6, Yb176-CD54, Pr141-1IFNy, Nd144-CD141,

171Yb-CD141, Sm147-1L-1B, Sm149-IL-1RA, Eul53-TNF, Gd156-IL-6,
Gd158-IL-2, Tb159-GM-CSF, Dy164-IL-17A, Ho165-CCL4, Er166-1L-10,
Tm169-IFNa2b, Yb173-IL-8, Lul75-1L-29 and Yb176-CXCL10. After wash-
ing, cellswereincubatedin freshly diluted 2.4% formaldehyde contain-
ing 125 nMIr Intercalator (Fluidigm), 0.02% saponin and 30 nM OsO4
(ACROS Organics) for 30 minat room temperature. Samples were then
washed and acquired immediately.

Foracquisition, samples were washed with PBS + 0.2% BSA, PBS and
then CAS buffer (Fluidigm). The final solutionin CAS buffer consisted
of I million cells per mland a1/20 dilution of EQ beads (Fluidigm). After
routine instrument optimization, samples were acquired at a rate of
<300 events per second on a Helios mass cytometer (Fluidigm) with a
modified wide-bore injector (Fluidigm).

FCSfiles of acquired events were normalized and concatenated with
Fluidigm acquisition software, deconvoluted using a MATLAB-based
debarcoding application and the resulting files were analysed
using Cytobank. Cell events were identified as Ir191/193-positive
and Cel40-negative events. Doublets were excluded on the basis of
Mahalanobis distance and barcode separation and with the Gauss-
ian parameters calculated using the Helios CyTOF software. Down-
stream data analysis was performed on Cytobank, by biaxial gating
of immune populations according to a previously published gating
scheme® outlined in Supplementary Fig. 1. All cell frequency analyses
wererestricted toadult HCs and adults with DS (aged at least 18 years)
unless otherwise indicated.

Flow cytometry

B cell phenotyping. Cryopreserved PBMCs were thawed and allowed to
rest brieflyincomplete RPMImedium supplemented with 10% FBS, 1%
penicillin-streptomycin and 1% GlutaMax. Cells wereimmunostained
withantibodiesin 0.5%BSAin PBS for1h, washed 3 timesin 0.5% BSAin
PBS for 1 h and acquired immediately. The following antibodies were
used: CD19 APC-Cy7 (SJ25C1), CD27 FITC (M-T271), CD38 APC (HIT2),
CD38PE-Cy7 (HIT2), CD11c PE (BLY®6), IgD BV421(1A6), CD21APC (Bu32)
and anti-human 9G4 IgG APC (provided by J. Farmer).

pSTAT1staining. The lgG fraction wasisolated fromHC and DS plasma
using the Protein GHP SpinTrap (Sigma-Aldrich). THP-1cells wereincu-
bated with the IgG fraction diluted 1:3 in complete RPMIwith 10% FBS
for20 min or recombinantanti-IFNGR2 antibodies (2 pg ml™, Thermo
Fisher Scientific, PA5-47938) at 37 °C for 20 min followed by stimulation
withIFNy (10 ng mI™) for 20 minat 37 °C. Cells were stained with Zombie
Aqua Live-Dead (BioLegend) for 30 min onice, then fixed/permeabi-
lizedin 90% ice-cold methanol and stained with anti-phospho-STAT1-PE
(1:25,BD) for 1 h onice. Flow cytometry was acquired on the BD LSR
Fortessall system, and data were analysed with FlowJo.

Whole-blood cytokine blocking experiments

Whole blood was incubated for 4 h with tofacitinib (500 nM, ApexBio)
or tocilizumab (50 pg ml™, Selleckchem) or vehicle controls (DMSO
and humanIgG control, 50 pg ml™, BioLegend, respectively). For IFN-I
blocking, whole blood wasincubated withacombination of anti-IFNAR2
(2.5 ug mI PBL Assay Science), anti-IFNa (0.2 pg ml™, PBL31110-1) and
IFNB (0.2 pg ml™, PBL 31401-1) antibodies or vehicle control for 4 h.
For IL-10 blocking, whole blood was incubated with a combination of
anti-IL-10 (5 pg ml™, BioLegend) and anti-IL-10R (5 pg ml™, BioLegend)
for4 h. After blocking, whole blood was fixed using Proteomic Stabilizer
PROT1(1.4xblood volume, SmartTube) for 10 min at room temperature
and frozen at -80 °C.

B cell stimulation

For plasmablast differentiation of CD11c" cells (Fig. 4a), 2-5 x 10* naive
(CD19*CD38°CD27°CD11c") and CD11c* (CD19*CD11c") B cells were
sort-purified from the PBMCs of healthy donors using the IMISL sorter
(BD) andrested overnightincomplete RPMI. They were then stimulated
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withIL-21(50 ng ml™; BioLegend), BAFF (100 ng ml™, BioLegend), IL-10
(250 ng mI™, BioLegend), IL-2 (5 ng mI™) and R848 (1 ug ml™; Invivogen)
with or without IFNy diluted in complete RPMI. Cells were collected at
day 4 and stained for flow cytometry.

For the cytokine-induced plasmablast differentiation of B cells
(Fig. 4d,e and Extended Data Fig. 5a-f), 2-5 x 10* sorted naive or total
B cells were sorted from healthy donor PBMCs using fluorescence-
activated cell sorting, the Pan B Cell Isolation Kit Il or the Naive B Cell
Isolation Kit Il (Miltenyi Biotech), as indicated. They were cultured
for 3-6 days in complete RPMI supplemented with IL-21 (50 ng ml™%;
BioLegend), BAFF (10 ng ml™, BioLegend), IL-2 (50 ng ml™, BioLegend),
R848 (1 pg ml™; Invivogen) with or without IL-10 (250 ng ml™, BioLegend)
and/or anti-human IgM (5 pg ml™, Southern Biotech) as indicated,
in addition to either (1) plasma from HC individuals or individuals
with DS that was depleted from IgG using the Protein G HP SpinTrap
(Sigma-Aldrich) at a final dilution of 1:4 or (2) exogenous addition
of IL-6 (100 ng ml™, BioLegend), IFNa2b (100 U ml™?, Merck), IL-4
(20 ng ml™, BioLegend) and IFNy (20 ng mI™, BioLegend). At least
two healthy donors and four individuals with DS were tested for each
experiment. Cells were collected atindicated days and stained for flow
cytometry.

For cytokine-blocking experiments, sorted naive B cells were cul-
turedas described above inthe presence of the following blocking anti-
bodies: anti-IFNGR2 (2 pug ml™, Thermo Fisher Scientific, PA5-47938),
anti-IFNAR2 (2.5 pg ml™ PBL Assay Science), anti-IFNa (0.2 pg ml™, PBL
31110-1) and IFN (0.2 pg ml™, PBL 31401-1), tocilizumab (50 pg ml™,
Selleckchem), adalimumab (2 pg ml™, Selleckchem) or a combina-
tion. Cells were collected at indicated days and stained for flow
cytometry.

T cell-B cell co-cultures

For co-cultures of in vitro polarized T cells (Fig. 4f~h and Extended
DataFig.5g-i). CD4 T cells were purified using MACS (Miltenyi Biotec)
from healthy donor PBMCs and cultured in the presence of plate-bound
anti-CD3 (OKT3, 10 pg m1™) and anti-CD28 (CD28.2, 5 ug ml™) anti-
bodies in complete RPMI alone (unstimulated control) or with (1) IL-2
(50 ng ml™), IL-12 (5 ng ml™) and anti-IL-4 (1 pg mI™, R&D MAB204-SP)
(Tylconditions); (2) IL-6 (50 ng ml™) with or without IL-2 (50 ng mI™); or
(3) plasma fromHC individuals or individuals with DS (1:2 ratio). After
4 days, T cells were washed and irradiated (5,000 rad) and co-cultured
with freshly MACS-sorted naive B cells from the same donor. Cells were
co-cultured for 3-6 days in complete RPMI supplemented with IL-21
(50 ng ml™), IL-2 (50 ng mI™*) and anti-human IgM (5 pg ml™, Southern
Biotech) and collected for flow cytometry. The supernatants were
collected for IFNy ELISA quantification (BioLegend) according to the
manufacturer’s instructions.

For T cell-B cell co-cultures from HC donors and donors with DS
(Fig. 4i,j), CD4 T cells were MACS-purified and co-incubated with
sort-purified CD19°CD38°CD27 CDl1c B cells on the same day. B and
T cells were co-cultured for 3 days in complete RPMI supplemented with
IL-21, IL-2 and anti-human IgM as above and collected for flow cytometry.

BCR analysis

Sample preparation. Donor PBMCs were thawed in complete RPMI
and rested overnight. Naive (CD19*CD27 CD38'°*CD11c"), CD11c* (CD1
9*CD27 CD38"°*CDl11c") and memory (CD19*CD27'CD38") B cells were
sort-purified using an IMISL sorter (BD) and genomic DNA wasisolated
with QIAamp DNA Blood Mini Kit (Qiagen).

Library preparation. Sample data were generated using the immu-
noSEQ Assay (Adaptive Biotechnologies). The somatically rearranged
Homo sapiens BCR IgH locus CDR3 was amplified from genomic
DNA using a two-step, amplification-bias-controlled multiplex PCR
approach®** Thefirst PCR consists of forward and reverse amplifica-
tion primers specific for every V and ) gene segment and amplifies

the hypervariable complementarity-determining region 3 (CDR3) of
the immune receptor locus. Furthermore, primers are included to
amplify B cell precursor D) rearrangements. The second PCR adds a
proprietary barcode sequence and llluminaadapter sequences®. CDR3
libraries were sequenced on the llluminainstrument according to the
manufacturer’sinstructions.

Data analysis. Raw sequencing reads were demultiplexed according to
Adaptive’s proprietary barcode sequences. Demultiplexed reads were
then processed to remove adapter and primer sequences, identify and
remove primer dimer, germline and other contaminant sequences.
The filtered data are clustered using the relative frequency ratio be-
tween similar clones and a modified nearest-neighbour algorithm to
merge closely related sequences to correct technical errorsintroduced
through PCRand sequencing while allowing for somatic hypermutation
inthe Vsegment. The resulting sequences were sufficient to allow an-
notationoftheV,Dand] genes, and the N1and N2 regions constituting
eachunique CDR3and the translation of the encoded CDR3 amino acid
sequence. Gene definitions were based on annotation in accordance
with the IMGT database (www.imgt.org). The set of observed biological
BCRIgH CDR3 sequences was normalized to correct for residual mul-
tiplex PCR amplification bias and quantified against a set of synthetic
BCR IgH CDR3 sequence analogues®. Data were analysed using the
immunoSEQ Analyzer toolset.

Multiplex cytokine analysis

Plasma collected by Ficoll isolation from heparinized whole blood
was clarified by centrifugation. Magnetic Luminex assays with the
MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel
(MilliporeSigma, HCYTMAG-60 K-PX30) were run according to the
manufacturer’s protocol. The samples were quantified on the MAGPIX
XMAP Instrument (Luminex). For each sample, >50 beads were col-
lected per analyte. The median fluorescence intensity of these beads
wasrecorded and used for analysis with the Milliplex Analyst software
using a 5P regression algorithm. In the absence of signal, the assay’s
lower limit of detection for each cytokine was used. Patients with DS
aged 7months to 37 years (n =2I) and control individuals aged 6 years
to 39 years (n=10) wereincluded.

Auto-antibody analysis

Seromic profiling of autoantibodies was conducted as previously
described®. The CDI HuProt peptide array was run according to
the manufacturer’s instructions, at 1/500 to avoid low-tittered
cross-reactivity and using a robust blocking buffer to prevent unspe-
cificbinding. After applying patient sera, chips were washed and sec-
ondary fluorescent antibodies to quantify IgG (Cy3; 532 nm) and IgA
(Cy5; 635 nm) antibody isotypes were applied at the manufacturer’srec-
ommended concentrations. Each spot onthe array, representinga pro-
tein printed in duplicate, was gated using Genepix software alignment
and then manually quality controlled to ensure proper quantification
and removal of possible artifacts. High differences betweenreplicate
spots (CV > 0.5) were flagged, along with information about staining
artifacts (rare and excluded). Raw sample-peptide matrices were then
read into the R (v.4.0.4) statistical environment to be processed by
the limma microarray analysis suite (v.3.46.0)%. On a per-sample and
a per-isotype (IgG or IgA) basis, the background intensity was sub-
tracted using the backgroundCorrect function (method: normexp,
normexp.method: rma) and then normalized across all samples using
the normalizeBetweenArrays function (method="cyclicloess”). Next,
all control and non-detected peptides were filtered from the sample-
peptide matrices and duplicate spotintensities were averaged across
all of the remaining peptides on a per-sample basis. Individually pro-
cessed sample matrices were concatenated, column-wise, to generate
an experimental matrix containing all samples and peptides shared
across all arrays and to be analysed for differential peptide reactivity
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using the limma differential expression functions. First, to exclude
low-reactive peptides and outlier reactivity, peptides were filtered
toinclude only peptides that had reactivities above the median signal
intensity in at least 5 samples (of the 50 total samples processed).
PCA was then performed using the base R (v.4.0.4) prcomp function
(scale: TRUE) and PCA and loadings were visualized using the fviz_
pca_ind function from the FactoMiner/factoextra package (v.1.0.7)%".
To determine differentially abundant autoantibodies, we first fit a
linear model for each peptide to model the variation of peptide reac-
tivity (against an auto-antibody) across all arrays using limma'’s ImFit
function. After building the model, we generated a contrast matrix
to test disease groups against healthy controls. Differential autoan-
tibody abundance testing was performed and moderated under the
empirical Bayes framework described by the developer and resulting
peptide lists were filtered against an absolute log,[fold change] >1and
aP<0.05.Overlap analyses were conducted and visualized using the
UpSetR (v.1.4.0)*® and ggvennDiagram (https://github.com/gaospecial/
ggVennDiagram) (v.1.2.1) packages. Heat maps were generated using
the ComplexHeatmap (v.2.7.4)* library.

Chromosomal reactivity heatmap. To assess whether autoantibody
reactivity was influenced by the gene dosage effect in DS, filtered dif-
ferentially abundant autoantibodies (obtained from the DS versus HC
contrast; see Supplementary Datal) were plotted across the 23 human
chromosomes (hg38) in a location-dependent manner. In brief, gene
names were extracted from their associated peptides and chromo-
somal locations were identified using the org.Hs.eg.db (v.3.12.0)%°
database. Hits were further filtered against a fold-change of 1.5 for
plotting purposes and the karyoplotR (v.1.16.0) package was then
used for visualization.

Tissue-protein expression heat map. Tissue-protein detection values
ofallhuman proteins were extracted from the Human Protein Atlas API
using the HPAanalyze (v.1.8.1)** package. Differentially abundant auto-
antibodies (obtained from the DS versus HC contrast; Supplementary
Data1) were subset from the full dataset (Supplementary Data 2) and
visualized using the ComplexHeatmap library.

GO analysis. GO enrichment analysis was conducted on over-abundant
(log,[fold change] > 1) autoantibodies with limma’s goana function, and
biological process GO termswith P < 0.0001 were subset and visualized
using the ggplot2% (v.3.3.3) package.

ELISA assays

Recombinant protein ELISA. Overnight, 96-well Costar plates were
coated at4 °Cwith100 plperwell of a1l pug ml™solution of recombinant
IFNGR2, MSTN or ATP6V1G2 protein (OriGene) suspended in 1x PBS.
The next morning, the coating solution was removed and wells were
washed three times with100 pl of washing buffer (PBS with 0.05% (v/v)
Tween 20; PBS-T). Next, 200 pl of blocking buffer (PBS with 1% with
bovine plasma albumin (endotoxin-free)) was added to each well at
roomtemperature and incubated at room temperature for1 h. Plasma
samples were diluted 1:100 in blocking buffer.

Total IgG and 9G4 IgG ELISA. Overnight, 96-well Costar plates
were coated at 4 °C with 100 pl per well of a 2 pg ml™ solution of goat
anti-humanlggG, F(ab’),-fragment-specific (Jackson ImmunoResearch)
or1:100 dilution of anti-human 9G4 IgG antibody (provided by]. Farmer)
suspended in 1x PBS. The next morning, the coating solution was
removed and wells were washed with three times with100 pl of washing
buffer (PBS with 0.05% (v/v) Tween-20; PBS-T). Next, 200 pl of block-
ing buffer (PBS with 1% with bovine plasma albumin (endotoxin-free))
was added to each well at room temperature and incubated at room
temperature for 1 h. The supernatants from B cell stimulation experi-
ments were diluted 1:10.

Antibody detection. Plates were then washed three times before adding
goatanti-humanIgG F(ab)-horseradish peroxidase (HRP)-conjugated
secondary antibody (diluted1:3,000 in PBS-T). The plates were incubat-
edforlhat37°Candwashed threetimes. The plates were again washed
three times with wash buffer. Once completely dry, 100 pl SIGMAFAST
OPD (0-phenylenediamine dihydrochloride; Sigma-Aldrich) solution
was added to each well. This substrate was left on the plates for 5 min
and the reaction was then stopped by the addition of 50 pl per well of
3 M hydrochloric acid. The optical density at 490 nm was measured
using the POLARstar Omega (BMG Labtech) plate reader.

Detection of anti-type I IFN autoantibodies

Detectionof anti-type I IFN autoantibodies was performed using Gyros
as described previously®*. Cytokines, recombinant human IFNa2
(Miltenyi Biotec, 130-108-984) or recombinant human IFNw (Merck,
SRP3061) were first biotinylated with EZ-Link Sulfo-NHS-LC-Biotin
(Thermo Fisher Scientific, A39257), according to the manufacturer’s
instructions, with a biotin-to-protein molar ratio of 1:12. The detec-
tion reagent contained a secondary antibody (Alexa Fluor 647 goat
anti-humanIgG (Thermo Fisher Scientific, A21445)) diluted in Rexxip F
(Gyros Protein Technologies, P0004825;1:500 dilution of the 2 mg ml™
stock to yield a final concentration of 4 pg ml™). Phosphate-buffered
saline, 0.01% Tween-20 (PBS-T) and Gyros Wash buffer (Gyros Protein
Technologies, P0020087) were prepared according to the manu-
facturer’s instructions. Plasma or serum samples were then diluted
1:100in 0.01% PBS-T and tested with the Bioaffy 1000 CD (Gyros Pro-
tein Technologies, P0004253) and the Gyrolab xPand (Gyros Protein
Technologies, P0020520). Cleaning cycles were performed in 20%
ethanol.

Functional evaluation of anti-type I IFNs autoantibodies using
luciferase reporter assays

Theblockingactivity of anti-IFNa2 and anti-IFNw autoantibodies was
determined with areporter luciferase activity as described previously®*.
HEK293T cells were transfected with a plasmid containing the firefly
luciferase gene under the control of the human ISRE promoter in the
pGL4.45backbone and a plasmid constitutively expressing Renilla
luciferase for normalization (pRL-SV40). Cells were transfected in the
presence of the X-tremeGENE9 transfection reagent (Sigma-Aldrich,
6365779001) for 24 h. Cells in Dulbecco’s modified Eagle medium
(DMEM; Thermo Fisher Scientific) supplemented with 2% fetal calf
serum and10% healthy control or patient serum/plasma (after inactiva-
tionat 56 °C for 20 min) were stimulated with IFNa2 (Miltenyi Biotec,
130-108-984) and IFNw (Merck, SRP3061) at 10 ng ml™” or 100 pg ml™for
16 hat37 °C.Each sample was tested once for each cytokine and dose.
Finally, cells were lysed for 20 min at room temperature, and luciferase
levels were measured with the Dual-Luciferase Reporter 1000 Assay
System (Promega, E1980) according to the manufacturer’s protocol.
Luminescence intensity was measured with a VICTOR-X Multilabel Plate
Reader (PerkinElmer Life Sciences). Firefly luciferase activity values
were normalized against Renilla luciferase activity values.

Reporting summary
Furtherinformation onresearch designisavailable inthe Nature Port-
folio Reporting Summary linked to this article.
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The datasupporting the findings of this study are availablein the Article
and its Supplementary Information.
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Extended DataFig. 6 | Receptor sequencinginatypical B cells.

(A) Expressionof gD and IgAin CD11c" B cells from adults with DS (n =3) and
age-matched HCs (n =3). Significance assessed by unpaired t-tests, ns denotes
p>0.05.Error barsdenote SD. (B-F) BCR sequencing from gDNAisolated from
sorted naive, CD11c*and memory B cells from controls (n = 6) and individuals
with DS (n=6). (B) Sorting scheme for naive, CD11c* and memory B cells (left)
and number of cells sorted and number of productive BCRs obtained by
sequencing foreachcell type (right). (C) Fraction of in-frame BCRs containing
nostop codons (“productive BCRs”) in naive, CD11c*and memory B cells

from controls (n = 6) and individuals with DS (n = 6). (D) Simpson clonality in
productive BCRs from CD11c" B cells from controls (n = 6) and individuals

S
h
s
T
@

with DS (n=6).In (C-D), significance assessed by two-tailed unpaired t-test

(nsdenotes p >0.05) and whiskers denote min and max values, bounds of box
denote Q1-Q3, and centre bar denotes mean. (E-F) Representative heatmaps of
Morisitaindexindicating overlap between B cell subsetsin HC and DS at the

(E) nucleotide and (F) amino acid levels. (G) Heatmap of IGHV gene frequency
inHC and DS. Only genes that occurred at higher than 0.1% frequency in more
than10 samplesare shown. (H) 9G4 1gG antibodies in supernatant after 4-day
culture of sorted HC naive, CD11c* or memory B cellsin the presence of BAFF,
IL-2,1L-10, IL-21, the TLR7/8 ligand R84 8 with or without IFN-y. Results
representative of 2independent experiments.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7|Autoantibodiesin DS plasma. (A) Principal
component analysis of HuProt IgA dataset for adult HCs (n = 4), adults with DS
(n=5),and patients, Immunodysregulation polyendocrinopathy enteropathy
X-linked syndrome (IPEX) (n = 3) and Autoimmune polyglandular syndrome
type1(APS-1) (n=1).(B) Number of IgA autoantigens enriched at least 2-fold in
DS, IPEX, and APS-1compared to HCs. (C) Venn diagram of enriched IgA
autoantigens overlapping between disease groups. (D) Heatmap of enriched
IgA autoantigensin HCs, DS, IPEX, and APS-1. Colour intensity corresponds to
thelog2FC expression valuerelative to the mean of healthy adult controls.
(E) Componentloadings (PCland PC2) from Principal component analysis
of HuProtIgG dataset for adults with DS (n = 5) and age-matched HCs (n = 4).
(F) ELISA of anti-MSTN and anti-ATP6V1G2 autoantibodies in plasma from

HCs (n = 6) and individuals with DS (n = 6). Significance assessed by two-tailed
unpaired t tests, *denotes p < 0.05. Whiskers denote min and max values,
bounds of box denote Q1-Q3, and centre bar denotes mean. (G) Heatmap of
IgGtypelIFNautoantigensin HCs, DS, IPEX, and APS-1. Colour intensity
corresponds to the log2FC expression value relative to the mean of healthy
adult controls. (H) Quantification of antibodies against IFNa2 and IFNw in
serum from HCs (n =32), DSwithout COVID-19 (n =10), DS with COVID-19 (n = 6),
and APS-1(n=1) by Gyros assay. (I) Neutralization of IFNa2 and IFNw activity by
serum fromHCs (n =32), DS without COVID-19 (n =10), DSwith COVID-19 (n =6),
and APS-1(n=1) by Gyros assay. (H-I) Significance assessed by One-way ANOVA
with Tukey’s post-hoc analysis, ns denotes p > 0.05, *p < 0.05; **p < 0.005;
***p<0.0005;***p<0.0001.
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Extended DataFig. 8| Graphical abstract. Breaking Immune Tolerance in Down Syndrome: A Triad of Cytokines, Activated T cellsand CD11c+ B Cells. Created
with BioRender.
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Extended Data Table 1| Clinical history and calculated immune dysfunction scores of individuals with DS

Respiratory Skin TOTAL
infections (non- | Ear infections manifestations CLINICAL
RSV) 1=1pt, | 1=1pt, 2=2pts, 3 1=1pt, 2=2pts, 3 IMMUNE
2=2pts, 3 or or or Celiac disease Hypo- Type 1 diabetes Other immune |Auto-immune | DYSFUNCTION
Sex |Ageatistdraw| RSV D pts |Otheri p (1pt) ism (1pt)| mellitus (1pt) Asthma Allergies iti score SCORE
DS001 F 7yo 0 3 0 0 0 0 0 0 0 1 0 1 4
DS002 M 9 months 1 0 0 0 0 0 1 0 0 0 0 1 2
DS003 F 7 months 0 0 0 0 0 0 1 0 0 0 0 1 1
DS005 F 11yo 0 0 0 0 0 1 0 0 0 0 0 1 1
DS008 M 4yo 0 3 0 0 0 0 0 0 0 0 0 0 3
DS009 M 12yo 1 0 1 0 0 0 1 0 0 1 0 2 4
DS013 M 0 3 3 0 0 0 1 0 0 1 0 2 8
DS015 M 20 mo 1 3 0 0 0 0 0 0 0 0 0 0 4
DS021 M 19 mo 0 0 0 0 0 0 0 0 0 0 0 0 0
DS022 F 13yo 0 3 0 0 0 0 1 0 0 0 0 1 4
DS023 F 9yo 1 3 0 0 0 0 0 0 0 0 0 [ 4
DS024 F 13y0 0 0 2 1 (meningitis) 0 0 0 0 0 0 0 0 3
DS028 F 2yo 0 0 0 0 0 0 0 0 0 0 0 0 0
DS006 F 32 0 1 3 2 (fungal 1 (skin boils) 0 1 0 0 1 0 2 9
infections)
DS010 M 27 0 1 1 3 (Scarlett fever, 1 (skin boils) 0 1 0 0 1 0 2 8
fungal infection,
MRSA)
DS011 M 20 2 0 3 3 (Sinus 0 0 1 [ 0 0 0 1 9
infections)
DS012 M 27 0 0 0 0 1 (Liver abscess) 1 1 1 0 0 0 3 4
Dso014 M 24 0 0 3 3 (Sinus 1 (chronic 1 1 0 0 0 0 3 9
infections, folliculitis)
hangnail)
DS016 M 37 0 3 3 0 0 1 0 0 1 0 2 8
DS017 M 30 0 0 3 1 (conjuctivitis) 1 (elastosis 0 1 1 0 1 1 (anti- 4 9
perforans phospholipid
serpiginosa) syndrome)
DS018 M 20 0 3 0 0 0 0 1 0 0 0 0 1 4
DS019 M 20 1 1 3 0 0 0 0 0 0 0 0 0 5
DS020 F 24 0 2 3 0 0 0 0 0 0 0 0 0 5




Extended Data Table 2 | Clinical summary of the individuals with DS studied

Category

Number

n
Mean age (Range, SD), years
Gender Male (n, %)
Gender Female (n, %)
RSV (n, %)
1 or more respiratory infections (n, %)
Repeated (>2) respiratory infections (n, %)
Repeated (>2) ear infections (n, %)
Celiac disease (n, %)
Hypothyroidism (n, %)
Diabetes (n, %)

Type I (n, %)

Type Il (n, %)
Allergies or asthma (n, %)
Rxn to vaccination (n, %)

23
15.3 (0.6-38, 11.2)

14 (60.9%)

9 (39.1%)

6 (27.2%)

13 (56.5%)

9 (43.4%)

7 (30.4%)

2 (8.7%)

12 (52.2%)
(8.7%)
(8.7%)

0
8 (34.7%)

0

2
2
2
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Extended Data Table 3 | Inmunological and clinical features of individuals with SLE studied

Active
disease or
Severity Renal remission
PBs (% B |aN (% B |DN2 (% B DN1:DN2 of Duration of involve- |attime of
Patient ID | cells) cells) cells) rN:aN (Log2) ((Log2) Age |Gender |disease |disease ment blood draw |Current Treatments
SLE001 1.4493| 11.2069 35| 2.98606031| 0.8930848| 18|F Severe |2 years Yes Yes Prednisone, hydroxychloroquine, tacrolimus,
mycophenolate mofetil, lisinopril, rituximab
labetalol, amlodopine, prednisone, mycophenolate sodium,
SLE002 0.4717 4.3912| 21.9048( 4.44445626| 1.83398684| 15|F Severe ~3 years Yes No ondansetron ODT, darbepoetin alfa-polysorbate,
hydroxychloroquine
in past,
SLE003 0.2649 1.1503| 14.5881| 6.42515452| 2.54312735( 17|M Mild 7 years resolved |No hydrochloroquine
years ago
SLE004 8.2873| 21.4286| 23.6364| 1.87446667| 1.6918748| 20|F Severe  |3.5 years Yes Yes Rituximab, tacrolimus, enalapri, hydrochloroguine,
furosemide, prednisone, mycophenolate mofetil
SLE005 0.0473| 1979 9.0358| 563024735 3.32772184| 12|F Severe |1 year Yes No hydroxychloroguine, tacrolimus, lisinopri, mycophenolate
mofetil, prednisone
SLE006 0.4151| 4.1228| 33.7766| 4.5394914| 0.96551042| 19|F Moderate |1.5 years No Yes celecoxib, gabapentin, mycophenolate mofeti,

Ihydroxychloroquine




nature portfolio

Corresponding author(s): Dusan Bogunovic

Last updated by author(s): 12/14/2022

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
Y
(e
=
)
§o)
o)
=
o
=
—
D)
§o)
o)
=
>
Q@
wv
c
S
3
Q
<L

Statistics
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  CyTOF FCS files of acquired events were normalized and concatenated with Fluidigm acquisition software.
Flow cytomoetry was acquired with FACSDiva software (BD Bioscience).
Luminex data was acquired with Milliplex Analyst software using a 5P regression algorithm.

Data analysis Autoantibody analysis was done in R (v4.0.4) using the following packages: limma microarray analysis suite (v3.46.0), UpSetR (v1.4.0)59 and
ggvennDiagram (https://github.com/gaospecial/ggVennDiagram) (v1.2.1) packages. Heatmaps were generated using the ComplexHeatmap
(v2.7.4), HPAanalyze (v1.8.1).
CyTOF analysis was performed in Cytobank. Flow cytometry analysis was performed with FlowJo.
BCR sequencing analysis was performed usign the immunoSEQ Analyzer toolset.
Graphpad Prism 9 and Microsoft Excel 16.57 were also used for data analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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The data that support the findings of this study are available in the article and supplementary materials
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Reporting on sex and gender The study cohort was comprised of both sexes as shown in Supplemental Tables 1 and 2. Sexes were included whenever
possible. There were no significant differences between genders for any of the reported findings.

Population characteristics N/A

Recruitment "Individuals with DS" participants with a diagnosis of Down syndrome were recruited, via their referring physicians or via the
NIH’s DS-Connect ® national registry (dsconnect.nih.gov).

Ethics oversight Mount Sinai Health System (MSHS) (IRB-18-00638/ STUDY-18-00627 and IRB-20-03276), Boston Children’s Hospital
(04-09-113R), National Institute of Allergy and Infectious Disease (NIAID, NIH) (05-1-0213), Rockefeller University (JCA-0700
and XFK-0815), the French Ethics Committee “Comité de Protection des Personnes,” the French National Agency for
Medicine and Health Product Safety, and the “Institut National de la Santé et de la Recherche Médicale” (protocols # C10-13
and C10-14).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size DS (n=23) and HC (n=21)

Data exclusions  N/A

Replication Experiments were repeated with a minimum of n=2 in each condition
Randomization  Individuals were randomly allocated within HC and DS groups

Blinding Blinding was not performed in our study

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Antibodies

Clinical data
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Antibodies

Involved in the study

Eukaryotic cell lines

n/a | Involved in the study

X[ ] chip-seq
[]IX] Flow cytometry

Palaeontology and archaeology & |:| MRI-based neuroimaging

Animals and other organisms

Dual use research of concern

Antibodies used

Validation

Clinical data

Cd111-GranzymeB, Cd112-IgA, In113-CD57, In115-CD11c, Cd116-IgD, 1127-1271, Ce140-140Ce, Pr141-Ki67, Nd142-CD19, Nd143-
CD45RA, Nd144-CD103, Nd145-CD4, Nd146-CD8, Sm147-pSTATS, 150Nd-pSTATS, Nd148-CD16, Sm149-CD127 Sm149-pSTATE,
Nd150-CD1c, Eu151-CD123, Sm152-CD66b, Eul53-pSTAT1, Sm154-ICOS, Gd155-CD27, Gd156-p38, 158Gd-pSTAT3, Tb159-
pMAPKAP2, Gd160-CD14, Dy161-CD56, Dy162-TCRgd, Dy162-CD169, Dy163-CD172a_b, Dy164-CD69, Ho165-CD64, Ho165-STAT3,
Er166-CD25, Er167-pERK1_2, Er168-CD3, Tm169-CD71, Tm169-STAT1, Er170-CD38, Yb171-CD95, Yb171-CD141, Yb172-CD39, Yb173-
Tbet, Yb174-HLADR, Lu175-pS6, Yb176-CD54, Pr141-IFNg, Nd144-CD141, 171Yb-CD141, Sm147-IL_1b, Sm149-IL_1RA, Eu153-TNFa,
Gd156-IL_6, Gd158-IL_2, Th159-GM_CSF, Dy164-IL_17A, Ho165-CCL4, Er166-IL_10, Tm169-IFNa2b, Yb173-IL_8, Lul75-IL_29, Yb176-
CXCL10.

CD19 APC-Cy7 (SJ25C1), CD27 FITC (M-T271), CD38 APC (HIT2), CD38 PE-Cy7 (HIT2), CD11c PE (B LY6), IgD BV421 (IA6), CD21 APC
(Bu32), anti-phospho-STAT1-PE (1:25, BD) , anti-human 9G4 I1gG APC (generously provided by Jocelyn Farmer).

Tofacitinib (500nM, ApexBio), Tocilizumab (50ug/mL, Selleckchem), anti-IFNAR2 (2.5ug/mL PBL Assay Science), anti-IFN-a (0.2ug/mL,
PBL 31110-1), and IFN-b (0.2ug/mL, PBL 31401-1), anti-IL10 (5ug/mL, Biolegend), anti-IL-10R (5ug/mL, Biolegend), nti-IFNGR2 (2ug/
mL, Thermofisher PA5-47938), Adalimumab (2ug/mL, Selleckchem).

N/A

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration

Study protocol

Data collection

Outcomes

Flow Cytometry

N/A

Mount Sinai Health System (MSHS) (IRB-18-00638/ STUDY-18-00627 and IRB-20-03276), Boston Children’s Hospital (04-09-113R),
National Institute of Allergy and Infectious Disease (NIAID, NIH) (05-1-0213), Rockefeller University (JCA-0700 and XFK-0815), the
French Ethics Committee “Comité de Protection des Personnes,” the French National Agency for Medicine and Health Product
Safety, and the “Institut National de la Santé et de la Recherche Médicale” (protocols # C10-13 and C10-14).

N/A

N/A

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|Z| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

CYTOF: Frozen stabilized blood samples were thawed according to the manufacturer’s recommended protocol, then washed
with barcode permeabilization buffer (Fluidigm). Samples were uniquely barcoded with Cell-ID 20-Plex Pd Barcoding Kit
(Fluidigm) and pooled together. For previously unstained samples, cells were then incubated with an antibody cocktail for
surface markers to identify major immune populations, followed by methanol permeabilization, heparin-block and stain with
a cocktail of antibodies against intracellular targets, including markers of phosphorylation and signaling. After washing, cells
were then incubated in freshly diluted 2.4% formaldehyde containing 125nM Ir Intercalator (Fluidigm), 0.02% saponin and 30
nM Os0O4 (ACROS Organics) for 30 min at room temperature. Samples were then washed and acquired immediately.

Flow: For extracellular markers, cells were immunostained with antibodies in 0.5% BSA in PBS for 1 hour, washed 3x in 0.5%
BSA in PBS for 1 hour and acquired immediately.
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Instrument CyTOF: Helios mass cytometer (Fluidigm) with a modified wide-bore injector (Fluidigm).
Flow: BD LSR Fortessa Il

Software CyTOF: Fluidigm acquisition software
Flow: BD FACSDiva software

Cell population abundance See figures
Gating strategy Major populations were The gated populations were manually gated based on the previously described gating scheme

(Geanon, D. et al. A Streamlined CyTOF Workflow To Facilitate Standardized Multi-Site Immune Profiling of COVID-19
Patients. medRxiv (2020)). B cell populations were gated according to gating in Supplemental Figure 4B.

IE Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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