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In Brief

Waugh et al. undertook deep mapping of
the immune system in adults with trisomy
21, revealing global immune
dysregulation reminiscent of
inflammatory states, concurrent with
widespread hypersensitivity to IFN-a.
These data highlight immune
dysregulation and IFN hyperactivity as
contributors to the comorbidities more
common in people with Down syndrome.
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SUMMARY

People with Down syndrome (DS; trisomy 21) display
a different disease spectrum relative to the general
population, including lower rates of solid malig-
nancies and higher incidence of neurological and
autoimmune conditions. However, the mechanisms
driving this unique clinical profile await elucidation.
We completed a deep mapping of the immune
system in adults with DS using mass cytometry to
evaluate 100 immune cell types, which revealed
global immune dysregulation consistent with chronic
inflammation, including key changes in the myeloid
and lymphoid cell compartments. Furthermore, mea-
surement of interferon-inducible phosphorylation
events revealed widespread hypersensitivity to inter-
feron-o in DS, with cell-type-specific variations in
downstream intracellular signaling. Mechanistically,
this could be explained by overexpression of the
interferon receptors encoded on chromosome 21,
as demonstrated by increased IFNAR1 surface
expression in all immune lineages tested. These re-
sults point to interferon-driven immune dysregula-
tion as a likely contributor to the developmental
and clinical hallmarks of DS.

INTRODUCTION
Down syndrome (DS) is caused by trisomy of chromosome 21

(trisomy 21 [T21]), the most common human chromosomal ab-
normality affecting ~1 in 700 live births (de Graaf et al., 2017).
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In addition to the well-recognized developmental features of
DS, individuals with T21 experience a different disease spectrum
relative to the typical population, showing lower rates of certain
medical conditions, such as most solid malignancies (Hasle
et al., 2016), while being strongly predisposed to others, such
as leukemias (Maloney et al., 2015), various autoimmune disor-
ders (Mérild et al., 2013; Madan et al., 2006; Anwar et al.,
1998; Karlsson et al., 1998), pulmonary hypertension (King and
Tulloh, 2011), and Alzheimer’'s disease (AD) (Hartley et al,
2014). With the exception of AD, the high prevalence of which
has been linked to the presence of the amyloid precursor protein
gene (APP) on chromosome 21 (chr21) (Hartley et al., 2014), the
processes driving this differential disease spectrum await
elucidation. Therefore, identification of these mechanisms may
illuminate strategies for better diagnostics and therapeutics,
both in people with DS and in the typical population affected
by the conditions modulated by T21.

It is well documented that people with DS display alterations
within the immune compartment, yet available literature does
not agree on the extent and etiology of this phenomenon (re-
viewed in Ram and Chinen, 2011). Furthermore, few studies
have investigated the immune system of adults with DS. Given
the remarkable increase in life expectancy among people with
DS (de Graaf et al., 2017), there is a clear need to understand
how immune alterations may contribute to the unique disease
spectrum observed across their lifespan. There are multiple
genes encoded on chr21 with roles in immune control, including
four of the six interferon (IFN) receptors (IFNRs): the two subunits
for the type | ligands, IFNAR1 and IFNAR2; the type Il IFNR sub-
unit IFNGR2; and IL10RB, which serves as a subunit of the recep-
tor for the type Il IFN ligands (IFNL1/IL29, IFNL2/IL28A, and
IFNL3/IL28B) (de Weerd and Nguyen, 2012). Recently,
we revealed that T21 causes consistent activation of the IFN
transcriptional response, as demonstrated by overexpression
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of IFN-stimulated genes (ISGs) in multiple cell types (Sullivan
et al,, 2016). A follow-up plasma proteomics study revealed
changes in the circulating proteome indicative of chronic autoin-
flammation in DS, including elevated levels of potent inflamma-
tory cytokines linked to IFN signaling, such as interleukin-6
(IL-8), tumor necrosis factor o (TNF-2), and MCP-1 (Sullivan
et al.,, 2017). However, the contribution of hyperactive IFN
signaling, inflammatory cytokines, and specific immune cell
types to the different disease spectrum in DS remains to be
defined. Within this framework, we set out to identify alterations
in the immune system of adults with DS via mass cytometry (Ban-
dura et al., 2009), which enables the concurrent measurement of
dozens of immune cell types, as well as a wealth of phenotypic
markers and signaling epitopes (Spitzer and Nolan, 2016). First,
we assayed for shifts in immune homeostasis by simultaneous
quantification of 100 immune cell types in adults with DS relative
to typical controls. These efforts revealed global immune dysre-
gulation in people with DS, with changes in key myeloid and
lymphoid cells types reminiscent of that observed in inflamma-
tory and autoimmune states in the typical population. Second,
we measured expression of the type | IFNR subunit IFNART,
which revealed surface protein overexpression across the entire
immune system. Finally, using a panel of antibodies recognizing
eight phospho-epitopes known to be induced by IFN, we re-
vealed extensive hyper-reactivity to IFN-o in primary immune
cells of adults with DS. Altogether, these results support the
notion of immune dysregulation and IFN hyperactivity as poten-
tial drivers of the different disease spectrum in DS.

RESULTS

Adults with T21 Display Global Immune Dysregulation
In order to define the impacts of T21 on the immune system, we
employed mass cytometry to characterize white blood cells from
a cohort of 36 adults, half with T21, the other half being age- and
gender-matched euploid controls (D21) (Figure S1A; Table S1A).
Importantly, none of the participants reported signs of active
infection for at least 2 weeks prior to blood draw. As expected
from an unbiased selection of individuals with T21, this group
displayed a wide range of comorbidities (Table S2). We em-
ployed a panel of 28 antibodies that would enable resolution of
100 distinct lymphoid and myeloid cell types (Table S3). After
blood processing, staining, and cytometry, we used a variety
of analytical tools to investigate this rich dataset. We used clus-
tering algorithms to identify bulk cell communities impacted by
T21, followed by further exploration via manual gating, and, in
select cases, cross-platform validation using flow cytometry.
First, we normalized data between batches and used the visu-
alization tool for stochastic neighbor embedding (ViSNE) (Amir
et al., 2013) to reduce dimensionality and visualize the global
structure of these data (Figure S1B; STAR Methods). To quanti-
tate similarities in the overall shape of viSNE plots, we calculated
Jenson-Shannon (JS) divergence scores, a statistical method
used to measure similarities between two probability distribu-
tions (Amir et al., 2013), for every pairwise comparison of viSNE
plots corresponding to each of the 36 individuals in this cohort.
Hierarchical clustering did not illuminate gross overall differ-
ences by cohort or batch, although there was a trend for T21
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samples to aggregate together (Figure 1A). Next, we employed
the clustering algorithm PhenoGraph (Levine et al., 2015) to
delineate communities of events with similar marker expression
within ViSNE plots, which identified 31 clusters, only some of
which mapped precisely to major viSNE communities (e.g., clus-
ter 8) (Figure 1B). Notably, several PhenoGraph clusters were
significantly depleted (e.g., clusters 2, 7, and 8) or enriched
(e.g., clusters 13, 25, and 28) in T21 samples (Figures 1C and
1D; Table S4A). A shortcoming of PhenoGraph is that the clus-
ters identified cannot be easily mapped to recognized immune
subtypes. Thus, we used surface marker expression to reveal
the composition of bulk immune subtypes overlaid on viSNE
plots (Figures 1E, S1C, and S1D). This exercise revealed that
clusters 2, 7, and 8 are subsets of B cells (CD27hi, plasmablasts,
and CD27low, respectively, all depleted among bulk CD45" in
T21), cluster 13 is non-classical monocytes (elevated in T21),
cluster 25 is T cells expressing high levels of granzyme B
(elevated in T21), and cluster 28 is an unidentified cell type nega-
tive for CD3, CD19, CD14, CD16, and CD56 but highly express-
ing CD38 and CD123. Therefore, the impact of T21 on the
immune system could not be easily interpreted in the context
of current literature using a clustering algorithm, such as
PhenoGraph.

To further investigate differences among aggregated T21 and
D21 viSNE plots without restricting events by cluster identity, we
utilized topographical analysis by kernel density estimate (KDE).
Interestingly, KDE indicated that PhenoGraph clusters contained
distinct areas of both depletion and enrichment of events within
the T21 viSNE plots (Figure 1F). For example, the area encom-
passing CD4* T cells showed subareas of both depletion and
enrichment in T21 samples (Figures 1E and 1F). To test if differ-
ences highlighted by KDE within the CD4* T population are sta-
tistically significant and correspond to established CD4" T cell
subsets, we manually gated based on expression of CD45RA
and CD27, two markers used to discriminate naive, effector,
and memory CD4* T cells (Figure 1G). Indeed, gated populations
largely overlap, albeit not precisely, with these subsets of CD4*
T cells. Thus, although abundance of total CD4* T cells is not
significantly different in DS, a subset of naive CD4* T cells is
significantly depleted, while a subset of CD27* memory CD4*
T cells is significantly enriched (Figure 1G).

Altogether, these results justified a detailed characterization of
100 immune cell types using manual gating (Figure S2; Table S5),
which identified many key immune cell types that are either
significantly depleted or enriched in adults with DS (Figure S3;
Table S4B). Salient results selected for further analyses are (1)
a significant decrease in circulating human stem and progenitor
cells (HSPCs); (2) a shift in the myeloid compartment toward sub-
sets associated with inflammation; (3) hyper-activation of the
natural killer (NK) and cytotoxic T cell compartments; and (4) a
clear dysregulation of the B cell lineage (Figure S3). Of note, an
extensive analysis of the impact of co-occurring conditions
within the T21 group failed to identify comorbidities that could
consistently explain the immune alterations in DS (Table S6
and accompanying online portal described in STAR Methods).
Therefore, the most parsimonious interpretation is that T21
causes these immune changes, which could in turn contribute
to the development of co-morbidities more frequent in DS.
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Figure 1. Mass Cytometry Reveals Global Imnmune Dysregulation in Adults with T21

Intact single events enriched for non-granulocytes of hematopoietic origin (CD45"CD66 ~) were run through ViSNE and then compared between individuals with
T21 (n = 18) and D21 controls (n = 18).

(A) Similarities between overall shape of individual ViSNE plots were quantified through pairwise comparisons by Jenson-Shannon (JS) scores, followed by
hierarchical clustering.

(B) PhenoGraph was used to resolve 31 clusters within viSNE plots.

(C) PhenoGraph clusters were uniformly colored according to increased (red) or decreased (blue) frequency among total events in T21 viSNE plots compared to
those of D21 controls. Significantly different clusters are labeled with numbers.

(D) Box and whisker plots displaying the data for PhenoGraph Clusters 8 (a subset of B cells) and 25 (a subset of T cells expressing high levels of granzyme B).
(E) Overlay of immune cell subsets defined by surface marker expression on events represented in ViSNE plots.

(F) A topographical analysis, kernel density estimate (KDE), was applied to ViSNE plots to visualize areas with more (red) or less (blue) event density in samples
with T21. Color is overlaid on a viSNE plot showing concatenated events from all T21 samples.

(G) Manual gating of areas within viSNE plots highlighted by KDE. An area of CD4" T cells (black) depleted of CD45RA*CD27" events (blue) were interpreted as a
subset of naive CD4* T cells whereas an area enriched for CD45RA~CD27* events (red) were interpreted as a subset of CD27* memory CD4* T cells.

In all cases, statistical significance was determined by a Student’s t test ("p < 0.05 and **p < 0.01). See also Figure S1. All box and whisker plots denote the
median within a box extending from the 25th to 75th percentiles and error bars span minimum to maximum values within the datasets.
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People with DS Show Fewer Circulating HSPCs along
with a Marked Increase in Fibrocytes

A key result is the significant depletion of circulating HSPCs in
adults with T21 (Figures 2A and 2B). Although most HSPCs
reside in the bone marrow, a small fraction reach the periphery
through a regulated process known as “mobilization” (Hoggatt
and Pelus, 2011). Interestingly, the few circulating HSPCs in in-
dividuals with T21 are shifted toward the CD38~ hematopoietic
stem cell (HSCs) and multipotent progenitor (MPPs) states,
concomitant with a significant decrease in the less pluripotent
oligopotent progenitor (OPP) state (Figures 2C and 2D).

Fibrocytes, a subset of circulating CD34*CD45*CD38™ pro-
genitor cells that express collagen, have been associated with
chronic inflammation, autoimmunity, and fibrotic diseases,
particularly of the lung (Galligan and Fish, 2013). To investigate
possible dysregulation of the fibrocyte subset, we deter-
mined intracellular collagen 1 (COL1) expression among HSPCs
directly ex vivo in a subcohort of 8 adults with T21 and 9 D21
controls (Table S1A). Remarkably, fibrocytes comprised a signif-
icantly larger fraction of circulating HSPCs in people with DS
(Figures 2E, 2F, and S2). Although fibrocytes with T21 did not
show differences in expression of the marker CD45R0O often
used to identify this subset (Figure 2G), they expressed signifi-
cantly more COL1 on a per-cell basis (Figures 2H and 2l). Signif-
icantly fewer circulating fibrocytes in adults with T21 expressed
the major histocompatibility complex class Il HLA-DR (Figures
2J-2M). Interestingly, fibrocytes expressing HLA-DR can pre-
sent antigen to T cells (Chesney et al., 1997), and reduced
HLA-DR expression on antigen-presenting cells has been asso-
ciated with poor outcomes from sepsis (Cheadle, 1993; Lekkou
et al., 2004).

The observed increase in fibrocytes could have a number of
clinical implications, as fibrocytes have been involved in the eti-
ology of comorbidities common in DS, such as pulmonary hyper-
tension and autoimmune conditions (Galligan and Fish, 2013).
Furthermore, children with DS have elevated risk of mortality
from sepsis (Garrison et al., 2005). Therefore, to deepen our
characterization of fibrocytes, we completed a cross-antibody
and cross-platform validation by measuring pro-collagen 1
expression among CD45" cells by flow cytometry on a cohort
of 33 children, 26 with DS (Table S1B). Indeed, children with
T21 display markedly increased frequency of fibrocytes among
all CD45™" white blood cells (Figures 2N, S4A, and S4B).

Altogether, these results show that people with DS display
marked dysregulation of HSPC homeostasis, with fewer total
mobilized cells that are shifted to a less differentiated state and
highly enriched for fibrocytes (Figure 20).

The Myeloid Compartment of People with T21 Shows
Changes Associated with Inflammation and Cytotoxicity
Another interesting result is the obvious shift among functionally
distinct monocyte subsets from the classical toward intermedi-
ate and nonclassical states (Figures 3A and 3B). To validate
this finding, we employed standard flow cytometry on a much
larger cohort (82 total adults, 37 with T21; Figure S4C; Table
S1B). Indeed, we observed a significant decrease in classical
monocytes, along with an increase in intermediate monocytes
(Figures 3C and 3D). An increase in intermediate or “inflamma-
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tory” monocytes is in line with a previous study of children with
T21 (Bloemers et al., 2010) and is commonly associated with
various inflammatory and autoimmune conditions (Karlmark
et al., 2012). We did not observe alterations in abundance of
circulating myeloid dendritic cells (mDCs) (Figure S3; Table
S4B), in contrast to a previous report of lower numbers of
mDCs in children with DS (Bloemers et al., 2010). The only other
myeloid subtype that was significantly altered in abundance in
adults with T21 is the CD1c* conventional dendritic cell (cDC;
Figures 3E and 3F), which has been proposed to promote auto-
immunity through T cell activation (Cooles et al., 2018; Leal Rojas
et al., 2017).

In order to further investigate markers used to distinguish
myeloid subsets, we defined levels of CD16 surface expression
in CD16" monocyte populations. CD16 is expressed on the sur-
face of various immune cell types, where it binds to the Fc re-
gion of immunoglobulin Gs (IgGs) to mediate antibody-depen-
dent cell-mediated cytotoxicity (ADCC), also acting as a lysis
receptor during immune attack of cancerous and virally in-
fected cells (Mandelboim et al., 1999; Yeap et al., 2016). Sur-
face expression of CD16 was significantly higher on both the in-
termediate and non-classical CD16* monocyte subsets in
individuals with T21 (Figures 3G and 3H). Furthermore, expres-
sion of CD56, a recognized marker of cytotoxic potential among
myeloid cells (Van Acker et al., 2017), was significantly higher
among diverse dendritic cell (DC) subsets in people with T21
(Figures 3l and 3J).

Overall, alterations within the myeloid compartment of adults
with DS are consistent with a heightened state of inflammation
and increased cytotoxic potential (Figure 3K).

Natural Killer and Cytotoxic T Cells with T21 Are
Hyperactivated

Our antibody panel enabled a deep analysis of cellular immunity,
including subsets of innate lymphoid cells (ILCs) and T cells (Fig-
ure S2; Table S5). Among the NK cell subset of ILCs, the
CD56**CD16~ and CD56"CD16~ subsets represent the imma-
ture precursors and cytokine-producing pools of NK cells that
express low amounts of cytotoxic molecules, while the
CD56*CD16" NK subset is considered the most cytotoxic, and
the CD56™ NK subset is considered terminally differentiated
and dysfunctional (Nolte et al., 2009). Adults with T21 have
similar frequencies of both bulk NK cells and the five subsets
defined by CD56 and CD16 expression among circulating non-
granulocytes (Figures 4A-4C and S2; Table S5). However, the
slight depletion of CD56*CD16~ NK cells and trend toward
enrichment of CD56'CD16" NK cells among circulating
non-granulocytes from individuals with T21 (Figure 4C) are in
line with a previous report of increased frequency of bulk
CD56*CD16" cells among peripheral blood mononuclear cells
(PBMCs) (Cossarizza et al., 1991). To probe deeper into this
issue, we analyzed a larger cohort (89 total adults, 32 with T21;
Table S1B) using flow cytometry, thus increasing our power to
resolve differences among the two major NK cell subsets,
CD56**CD16~ and CD56*CD16" (Figure S4C). These efforts re-
vealed no difference in the precursor CD56**CD16~ subset but a
significant increase in the frequency (but not number) of cyto-
toxic CD56*CD16" NK cells in adults with T21 (Figure 4D). We
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Figure 2. Hematopoietic Stem Cells, Progenitors, and Fibrocytes Are Significantly Dysregulated in Individuals with T21

(A and B) Hematopoietic stem and progenitor cells (HSPCs) were detected by CD34 and CD45 staining in the peripheral blood as depicted in Figures S2A and S2D
then compared between individuals with T21 (n = 18) and D21 controls (n = 18).

(B) Representative dot plots denoting frequency among the parent gate.

(C and D) Among HSPCs, CD38 staining was used to delineate hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs) from oligopotent progenitors
(OPPs) in individuals with T21 (n = 18) and D21 controls (n = 18).

(D) Representative dot plots denoting frequency among the parent gate.

(E and F) Fibrocytes were detected by expression of COL1 among circulating HSPCs in individuals with T21 (n = 8) and D21 controls (n = 9), as depicted in
Figure S2A, S2D, and S2F. See Figure S2G for COL1 metal minus one control.

(F) Representative dot plots denoting frequency among the parent gate.

(G-M) Among fibrocytes, the expression levels of CD45R0 (G), COL1 (H and 1), and HLA-DR (J-M) were compared by geometric mean metal intensity (gMMI).
In () and (M), representative histograms are shown with numbers denoting gMMIs among the parent gate indicated in titles. Green represents an individual with
T21 and gray a D21 control.

(N) On a flow cytometer, positive staining of pro-collagen resolved fibrocytes among all hematopoietic (CD45") events from white blood cells of children with T21
(n = 26) versus D21 controls (n = 7), as depicted in Figure S4A.

(O) Lineage tree depicts subsets of HSPCs within the context of hematopoiesis and bone-marrow-derived fibrocytes. Color denotes fold-change where red is
increased and blue is decreased frequency of subsets among HSPCs in individuals with T21 compared to D21 controls.

In all cases, statistical significance was determined by a Student’s t test (*p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001). All box and whisker plots
denote the median within a box extending from the 25th to 75th percentiles and error bars span minimum to maximum values within the indicated datasets.
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Figure 3. Monocyte and Dendritic Cell Homeostasis Are Disrupted in the Peripheral Blood of Individuals with T21

(A and B) Within mass cytometry data, monocyte subsets were delineated by expression of canonical markers as depicted in Figure S2 and then compared
between individuals with T21 (n = 18) and D21 controls (n = 18).

(B) Representative dot plots are shown with numbers denoting frequency among monocytes.

(C and D) Flow cytometry was used to evaluate the frequency (C) and number (D) of classical and intermediate monocytes within the peripheral blood of in-
dividuals with T21 (n = 37 for frequency and n = 31 for relative cell number) and D21 controls (n = 45 for frequency and n = 41 for relative cell number), as depicted in
Figure S4C.

(E-K) Phenotypic characterization of myeloid subsets by mass cytometry. In (E) and (F), CD1c expression was used to resolve a subset of conventional dendritic
cells (cDCs) among myeloid DCs (mDCs) in individuals with T21 (n = 18) and D21 controls (n = 18). In (G) and (I), the levels of CD16 or CD56 protein expression were

(legend continued on next page)
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next measured expression of various markers associated with
increased activation and enhanced cytotoxicity of NK cells
(i.e., CD16, CD38, CD8, and CD11c) (Addison et al., 2005).
Most strikingly, all of these markers were significantly upregu-
lated on the CD56*CD16" cytotoxic subset of NK cells in T21
samples (Figures 4E and 4F). Thus, the most cytotoxic subset
of NK cells is not only more abundant but also shows a height-
ened state of activation.

Regarding the T cell compartment, current literature is contra-
dictory with respect to abundance of even bulk T cells in DS (re-
viewed in Ram and Chinen, 2011). We observed no difference in
abundance of bulk T cells among circulating non-granulocytes
(Figures S3 and S5A) and confirmed this result in a larger cohort
(89 total adults, 39 with T21; Table S1B) using flow cytometry
(Figures S5B and S4C). However, our antibody panel also
enabled the dissection of 57 T cell subsets, including subsets
of CD8* T cells, CD4" T cells, and regulatory T cells (Tregs). In
agreement with previous reports (Pellegrini et al., 2012; Schoch
et al., 2017), we observed a significant increase in Treg fre-
quency among circulating non-granulocytes of hematopoietic
lineage (Figures S3, S5C, and S5D). Next, we tested for differ-
ences in relative abundance within the T cell lineage. Of the 57
subsets analyzed, 11 were statistically different in people with
T21 (Figure S5E; Table S4C). CD8" T cells display a significant
depletion of the naive compartment, concurrent with enrichment
of the more differentiated memory and effector subsets (Figures
4G-4l). This phenomenon was accompanied by signs of hyper-
activation of CD8" T cells in the T21 samples, as evidenced by
higher expression of the cytotoxic effector protein granzyme B
(GZMB) and the inhibitory receptor PD1 (Figure 4J). This effect
was particularly evident for naive CD8" T cells (Figures 4J-4L),
an unusual observation given that these proteins are normally
expressed in activated CD8" T cells. Interestingly, type | IFN
has been shown to license naive CD8" T cells to upregulate
GZMB in the absence of cognate antigen to mediate cytotoxicity
(Urban et al., 2016).

Altogether, these results indicate increased activation of the
cytotoxic NK and CD8* T cell compartments in DS.

Adults with DS Show Changes in B Cell Homeostasis
Consistent with Inflammation, Autoimmunity, and Aging
The significant depletion of total B cells from the circulation of
adults with T21 (Figures S3, 5A, and 5B) is in line with a previous
study in children (de Hingh et al., 2005), but disagrees with the
postulated normalization with age in DS (Ram and Chinen,
2011). Because this sustained B cell depletion well into adult-
hood could have important implications for the differential dis-
ease spectrum of people with DS, we validated this result using
flow cytometry on a much larger cohort (Figure 5C; 83 total
adults, 40 with T21; Table S1B).

To investigate this further, we completed a deep analysis of B
cell homeostasis by analyzing the markers of differentiation
CD27, IgD, IgM, and CD38. Interestingly, we observed a deple-
tion of the less differentiated immature naive (immature Bna),
pre-switched activated, and IgM memory B cells (IgM Buem)
(Figures 5D-5F), concomitant with an increase in terminally
differentiated plasmablasts (PBs) in DS (Figures 5G and 5H).
These data are in line with previous studies of children with
T21 showing a depletion of circulating naive B cells and an
increased ability to differentiate into PBs in vitro (Verstegen
et al., 2010; Carsetti et al., 2015).

We next sought to determine if there were shifts within the
B cell compartment for subsets commonly associated with
various autoimmune and inflammatory states: anergic B cells,
CD11c* B cells, class-delta switched memory B cells (c-delta
Bmewm), and IgM IgD double-negative atypical memory B cells
(DN aBpenm). We did not observe a significant difference in aner-
gic B cells, a subset that is strongly tied to self-reactive B cells
in autoimmunity (Rosenspire and Chen, 2015). Instead, we
observed a significant increase in c-delta Bygm (Figures 5F
and 5I), which have been described as a likely “sink” for autor-
eactive B cells (Zheng et al., 2004). We also observed a signif-
icant increase in B cells that express CD11c (Figure 5I), a signa-
ture phenotype of age-associated B cells (ABCs) that are
increased in the circulation of aged individuals with various
autoimmune disorders (Rubtsov et al., 2011; Hao et al., 2011;
Rubtsova et al., 2015; Karnell et al., 2017). Although CD11c”*
B cells have been heavily studied in mouse models of autoim-
munity, less is known about the CD11c* ABCs, aBygems, and
exhausted PD1* B cells in humans (Rubtsova et al., 2015; Kar-
nell et al., 2017; Portugal et al., 2017). Therefore, to determine if
the CD11c* fraction of B cells circulating among individuals
with T21 were enriched among the subset of aByegms detected
by our antibody panel, we applied the same gating of DN
aBnmems previously applied to bulk B cells (Figure S2; Table
S5) but restricted this exercise to CD11c* B cells that highly
express the canonical CD19 marker of B cells (Figure 5J). We
did this because a collective hallmark of these intriguing
CD11c* B cells is low expression of classical B cell markers,
except CD19, and expression of receptors not usually ex-
pressed by B cells, including CD11c itself and PD1 (Portugal
et al., 2017). This exercise revealed an enrichment of
CD11c*CD19" B cells in the DN aBygw compartment, with
significantly increased abundance in people with DS (Figures
5J and 5K). Notably, no B cell subset (either CD11c* or
CD11c™) expressed PD1 (Figure 5L).

Altogether, our analysis of the circulating B cell compartment
revealed depletion of less differentiated states concurrent with
increased levels of terminally differentiated subsets associated
with inflammation and autoimmunity (Figure 5M).

compared between individuals with T21 (n = 18) and D21 controls (n = 18) by geometric mean metal intensity (gMMI). In (H) and (J), representative histograms are
shown with numbers denoting gMMIs among the parent gate indicated in titles. Green represents an individual with T21 and gray a D21 control. Plasmacytoid

DCs are denoted as pDCs.

(K) Lineage tree depicts subsets of the myeloid lineage within the monocyte and mDC compartments of individuals with T21 compared to D21 controls. Color denotes
fold change, where red is increased and blue is decreased frequency of subsets among monocyte or mDC compartments in T21 compared to D21 controls.

In all cases, statistical significance was determined by a Student’s t test ("p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001). All box and whisker plots
denote the median within a box extending from the 25th to 75th percentiles and error bars span minimum to maximum values within the indicated datasets.
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Figure 4. NK and CD8* T Cells in Adults with T21 Display Signs of Heightened Activation and Increased Cytotoxic Potential

(A-C) Mass cytometry was used to identify (A) bulk NK cells and (B and C) NK cell subsets, as described in Figures S2 and Table S5, within the peripheral blood of
individuals with T21 (n = 18) and D21 controls (n = 18).

(D) Flow cytometry was used to determine the frequency of CD56"*CD16~ and CD56*CD16" NK cell subsets among single events within the peripheral blood of
individuals with T21 (n = 38) and D21 controls (n = 51), as depicted in Figure S4C.

(E) Within mass cytometry data, the level of protein expression indicated in heatmap titles was compared between individuals with T21 (n = 18) and D21 controls

(n = 18) by geometric mean metal intensity (gMMI) for the indicated NK cell populations. Heatmaps display average gMMls (left) or Arcsinh ratios (T21 gMMIs —
D21 gMMIs, right) for the listed cell types.

(F) A representative histogram, with numbers denoting gMMIs among the parent gate indicated in the title. Green represents an individual with T21 and gray a D21
control.

(legend continued on next page)
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Significant IFNR Overexpression in the Inmune System
of People with DS

We previously showed that T21 causes constitutive activation of
the IFN transcriptional response in multiple cell types (Sullivan
et al., 2016), along with changes in the circulating proteome
indicative of autoinflammation (Sullivan et al., 2017), all of which
could potentially be explained by the fact that four of the six
IFNRs are encoded on chr21 (de Weerd and Nguyen, 2012).
Therefore, we analyzed surface protein expression of the
IFNAR1 subunit on 100 immune cell types identified by our panel
and gating strategy. Remarkably, IFNAR1 overexpression was
obvious and global (Figures 6A-6C and S6; Table S4D). Next,
we analyzed RNA sequencing (RNA-seq) data from bulk white
blood cells (WBCs) from a cohort of 19 individuals, 10 with T21
and the rest being age-and gender-matched D21 controls, to
test for mMRNA overexpression of all four IFNRs encoded on
chr21 (Tables S1C and S4E). Indeed, the mRNAs for all four sub-
units were significantly overexpressed in circulating WBCs of
people with DS (Figure 6D).

Diverse Immune Cell Types with T21 Are Hyper-
responsive to IFN-o Stimulation

Next, we embarked on a deep characterization of signaling
events downstream of stimulation with the type | IFN ligand
IFN-a-2a. To this end, we designed an antibody panel detecting
cell surface markers and intracellular signaling epitopes that
would enable single-cell resolution of the impact of both IFN-a
and karyotype on eight recognized IFN-inducible signaling
events (i.e., phosphorylation of STAT1-STAT6, ERK1/2, and
4E-BP1), in nine major immune subtypes (Table S3; Figure S2).
We then adapted our blood processing protocol to include a
30-min stimulation with IFN-a-2a for 8 adults with T21 and
8 age- and gender-matched controls (Table S1A).

First, we analyzed the impact of IFN-o stimulation on the
various phospho-epitopes in D21 samples. Expectedly, most
signaling events were significantly elevated upon stimulation (Fig-
ure 7A; Table S4F). Interestingly, we observed different configura-
tions of IFN-induced signaling among cell types. For example,
although all cell types displayed a significant increase in pSTAT1,
pSTATS3, and pSTATS5, the fold change was greatest for pSTAT1 in
plasmacytoid dendritic cells (pDCs), pSTAT3 in monocytes, and
pSTATS in HSPCs (Figures 7A-7C, S7A, and S7B).

We then investigated the impact of T21 on basal levels of
phosphorylation prior to IFN-o stimulation, which identified
many phospho-epitopes that were significantly elevated at
baseline (Figure 7D; Table S4G). Most prominent among these
was phosphorylation of the mTOR effector 4E-BP1 (Figure 7E),

consistent with previous findings reporting activation of the
mTOR pathway in DS (lyer et al., 2014). CD7" ILCs were the
most impacted cell type in unstimulated conditions, showing
significantly elevated levels of 4 of the 8 epitopes measured
(Figure S7C).

Finally, we defined the impact of T21 on IFN-stimulated
signaling events, which revealed that immune cells from people
with T21 show significant hyper-activation of many phospho-
epitopes (Figure 7F; Table S4H). For example, pSTAT1 and
p4E-BP1 were significantly hyper-induced in multiple cell types
tested (Figures S7D and S7E). Of note, there is clear cell-type
specificity in the impact of T21 on IFN-inducible signaling. For
instance, pSTAT1 and p4E-BP1 were hyper-activated most
strongly in the myeloid lineage (i.e., monocytes and DCs), while
pSTAT4 was hyper-activated in lineages involved in cellular im-
munity (i.e., T cells and CD7" ILCs) (Figures 7G, 7H, and S7F).
This agrees with the fact that whereas pSTAT1 is the canonical
transcription factor downstream of type | IFNs, STAT4 plays
more restricted roles, such as directly inducing expression of
GZMB in T cells upon IFN stimulation (Newby et al., 2017). Inter-
estingly, CD8" T cells from individuals with T21 display increased
expression of GZMB (Figures 4J-4L). Phosphorylation of ERK1/2
is another example of the cell-type-specific effects of T21, as it is
only significantly upregulated under basal and/or induced condi-
tions in monocytes and DCs from individuals with T21 (Figures 7H
and S7F; Tables S4G and S4H). Finally, we noted that fibrocytes
showed significantly elevated levels of IFN-inducible signaling
relative to COL1-negative HSPCs, both under baseline and IFN-
inducible conditions, supporting the notion that differentiation of
COL1-positive fibrocytes is driven by JAK/STAT signaling during
inflammation (Figure S7G) (Galligan and Fish, 2013).

Altogether, these results demonstrate that T21 increases the
response to IFN stimulation, leading to hyper-activation of cell-
type-specific downstream signaling cascades. Furthermore,
key negative regulators of IFN signaling (e.g., SOCS1 and
USP18) were not found to be significantly upregulated at the
mRNA level in individuals with T21 (Table S4E). Altogether, these
data suggest the absence of desensitization to IFN signaling
despite what is likely to be a lifelong overexpression of the IFNRs
throughout the immune system, pointing instead to chronic IFN
hyperactivity in DS.

DISCUSSION

Using mass cytometry, we uncovered drastic alterations in im-
mune homeostasis in adults with DS across all detected
branches of the immune system. Repeatedly, these changes

(G) Mass cytometry was used to discriminate different subsets of T cells within the peripheral blood of individuals with T21 (n = 18) and D21 controls (n = 18) as
described in Figure S2 and Table S5. Heatmaps indicate the log2 fold change (FC; T21 over D21) in frequency within all T cells for each of the indicated subsets.
(H) Box and whisker plot showing the depletion of naive CD8" T cells in individuals with T21.

(I) Representative example of CD8* T cell subset distribution in D21 versus T21 samples.

(J) Mass cytometry was used as in (G) to delineate subsets of CD8" T cells that were negative or positive for granzyme B (GZMB) and/or PD1. Heatmaps indicate
the log2 fold change (FC, T21 over D21) in frequency within all T cells for each of the indicated subsets.

(K) Box and whisker plots showing data for naive CD8" T cells divided by GZMB and PD1 expression status.

(L) Representative example of GZMB and PD1 expression among CD8" T cells in D21 versus T21 samples.

All statistical significance was determined by a Student’s t test (p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001). All box and whisker plots denote the
median within a box extending from the 25th to 75th percentiles and error bars span minimum to maximum values within the indicated datasets.
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Figure 5. The B Cell Compartment of Adults with T21 Is Skewed toward More Differentiated Subsets Associated with Inflammatory and
Autoimmune States

(A, B, and D-M) B cells were delineated among non-granulocytes by mass cytometry and manual gating as depicted in Figure S2 and then compared between
individuals with T21 (n = 18) and D21 controls (n = 18).

(B, E, F, H, and J) Representative dot plots of the indicated cell type labeled in green with numbers denoting frequency among the parent gate indicated in titles.
Bmem, memory B cells; Bya, naive B cells; PBs, plasmablasts.

(C) Flow cytometry was used to evaluate the number and frequency of circulating B cells among single events in individuals with T21 (n = 40 for frequency and n =
32 for relative cell number) and D21 controls (n = 53 for frequency and n = 45 for relative cell number), as depicted in Figure S4C.

(D, G, and I) Within mass cytometry data, B cell subsets were resolved among B cells of individuals with T21 (n = 18) and D21 controls (n = 18), as depicted in Figure S2.
(J and K) An alternative CD19"" gating strategy was used to identify CD11c* B cells with numbers denoting frequency among the parent gate, B cells (left), or
atypical/IgM IgD double-negative memory B cells (DN aByew)-

(J) Representative dot plots on both sides of the arrow correspond to the same individual with T21 or D21 control.

(L) Representative histograms from an individual with T21 with numbers denoting geometric mean metal intensities (gMMIs) of PD1 expression among the
indicated parent gate.

(M) Lineage tree depicts B cell subsets of individuals with T21 compared to D21 controls. Color denotes fold change, where red is increased and blue is
decreased frequency of subsets among the B cells in T21 compared to D21 controls.

In all cases, statistical significance was determined by a Student’s t test (*p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001). All box and whisker plots
denote the median within a box extending from the 25th to 75th percentiles and error bars span minimum to maximum values within the indicated datasets.
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Figure 6. Global Upregulation of IFNAR1 Surface Protein Expression on Circulating Immune Cells of Individuals with T21
(A-C) A total of 100 immune cell types were resolved by manual gating on expression of canonical markers as depicted in Figure S2, and then levels of
IFNAR1 surface protein expression were compared between individuals with T21 (n = 18) and D21 controls (n = 18) by geometric mean metal intensity

(gMMI).

(A) Each dot represents the mean gMMI for IFNAR1 among a gated cell type for all samples of a given karyotype.
(B) Volcano plot showing statistical analysis of IFNAR1 expression. Horizontal dashed line indicates the statistical cut-off of *p < 0.05 as defined by Student’s

t test. See Table S4D for full statistical analysis.

(C) Representative histograms of IFNAR1 protein expression with numbers denoting gMMIs. pDCs, plasmacytoid dendritic cells; mDCs, myeloid DCs; ILCs,

innate lymphoid cells.

(D) Scatterplots displaying IFNR mRNA expression as defined by RNA-seq of bulk white blood cells of individuals with T21 (n = 10) versus D21 controls (n = 9).
Statistical significance was calculated using DESeq2. mRNA expression values are displayed in reads per kilobase per million (RPKM).

See Table S4E for full statistical analysis.

were similar to those associated with the chronic state of low-
grade inflammation observed during typical aging and in various
inflammatory and autoimmune states in the general population.
Consistently, these changes could be tied to increased IFN
signaling.

Many immune alterations associated with typical aging are
thought to originate from HSPCs (Akunuru and Geiger, 2016).
Mobilization of HSPCs to the peripheral blood increases with
age (Rundberg Nilsson et al., 2016) and is promoted by various
pro-inflammatory cytokines (Hoggatt and Pelus, 2011). There-
fore, we were surprised to find that adults with DS show a signif-
icant decrease in circulating HSPCs. This paradox could be
explained by chronic hyperactivity in type | IFN signaling, which
has been shown to induce a quiescent state in the HSPC pool
(Pietras et al., 2014). The decrease in mobilized HSPCs was

accompanied by a significant increase in circulating fibrocytes,
which are known to be elevated in several autoimmune and
chronic inflammatory states, where they are considered ampli-
fiers of the immune response (Galligan and Fish, 2013). Of
note, the massive increase in fibrocytes observed during myelo-
fibrosis is known to be driven by hyperactive JAK/STAT
signaling, and myelofibrosis is effectively treated with JAK inhib-
itors (Harrison et al., 2012). Thus, the observed disruption in
HSPC homeostasis in people with DS could potentially be ex-
plained by hyperactive IFN signaling.

Phenotypic alterations within the DC, NK, and T cell compart-
ments of adults with T21 suggest heightened states of activation
and cytotoxicity, which could be linked to the development of
autoimmunity in DS. For instance, DCs from adults with DS ex-
press significantly higher levels of CD56, a hallmark of cytotoxic
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myeloid cells (Van Acker et al., 2017). Additionally, the mDC
compartment is enriched for CD1c* cDCs in DS. CD1c is a mole-
cule that presents lipid antigens to T cells (Roy et al., 2014) and
directly activates intrathyroidal T cells during autoimmune
thyroiditis (Roura-Mir et al., 2005), a condition that is highly prev-
alent in DS (Karlsson et al., 1998). Furthermore, there are clear
signs of increased activation of NK and cytotoxic T cells in DS,
including significant upregulation of GZMB on even the naive
CD8" T cells. Dysregulated cytotoxic responses by immune cells
destroy target organs in various autoimmune disorders that are
more prevalent in people with DS but also protect from solid tu-
mors, all downstream of IFN signaling (Xing et al., 2014; Byrne
and Turk, 2011; Gogas et al., 2006; Parker et al., 2016). Even
the humoral B cell compartment showed changes associated
with autoimmunity and inflammation, such as the significant in-
crease in frequency of PBs among circulating B cells, as these
antibody-secreting cells increase in circulation following vacci-
nation, during viral infection, or upon bouts of autoimmune activ-
ity (Buckner et al., 2013; Odendahl et al., 2005; Lee et al., 2011;
Kunkel and Butcher, 2003; Doérner and Lipsky, 2004). The
increased frequency of CD11c* B cells is another hallmark of
chronic inflammatory and autoimmune states, particularly in
older typical people (Rubtsov et al., 2011; Hao et al., 2011; Rubt-
sova et al., 2015; Karnell et al., 2017; Portugal et al., 2017).
Therefore, multiple changes in cell types involved in cellular
and humoral immunity observed in DS could be tied to their
elevated risk of autoimmunity.

Many of the immune alterations observed represent potential
therapeutic nodes to improve health outcomes in DS, most
prominent among them the obvious IFN hyperactivity. We
observed that IFNAR1 is significantly increased on the surface
of most primary immune cell types circulating in adults with DS,
in contrast to a recent publication reporting equal surface
expression on primary monocytes, T cells, and B cells using
standard flow cytometry (Martinez et al., 2016). Our results
agree with an earlier publication that indirectly determined
increased surface levels of IFNARs on PBMCs with T21 using
radiolabeled type | IFN ligands (Gerdes et al., 1993). Although
somewhat expected given the increased gene dosage, this
global overexpression is still remarkable, because surface
levels of IFNAR protein have been shown to be controlled by
negative feedback loops (reviewed in Ivashkiv and Donlin,
2014). Furthermore, signaling downstream of IFNARs is also
controlled by negative feedback loops via induction of negative
regulators such as ISG15 (Ivashkiv and Donlin, 2014). However,
our results discard the notion of “IFN desensitization” in DS.
Although the adults in our study have likely experienced a life-

long increase in IFN signaling, they remain hyper-responsive to
IFN stimulation. When we assayed for multiple IFN-induced
signaling events, we observed both increased basal signaling
and hyper-activation. Of note, increased basal phosphorylation
of 4E-BP1 agrees with reports showing activation of the mTOR
pathway in DS (lyer et al., 2014) and is supported by the fact
that mTOR is activated by type | and Il IFNs (Kaur et al,
2007). This suggests that mTOR inhibitors, such as rapamycin,
could potentially have therapeutic benefits in DS, which is sup-
ported by a recent study of rapamycin in a mouse model of DS
(Duval et al., 2018). Additionally, these results point to JAK/
STAT signaling as an obvious node of intervention in DS. JAK
inhibitors are either US Food and Drug Administration (FDA)
approved or in clinical trials to treat various autoimmune disor-
ders that are more prevalent in DS, including many autoinflam-
matory and autoimmune skin conditions (Banerjee et al., 2017;
Welsch et al., 2017). Recently, we reported the first two cases
of JAK inhibition in DS, with remarkable therapeutic benefit for
alopecia areata (Rachubinski et al., 2019), which encourages
the development of clinical trials for JAK inhibitors in DS. Lastly,
our results reveal many parallels between systemic lupus ery-
thematosus (SLE), a condition associated with increased type
I IFN signaling, and DS. For example, our plasma proteomics
analysis found many cytokines commonly elevated in DS (Sul-
livan et al., 2017) and SLE (Idborg et al., 2018), such as IL-10,
CXCL10, IL-6, TNF-a, MCP-1, CRP, VEGFA, IL-15, IL-8, and
eotaxin. Although there are a few case reports of SLE co-
occurring with DS (Bakkaloglu et al., 1994; Feingold and
Schneller, 1995; Suwa et al., 2000), an exhaustive investigation
of SLE-like pathology in DS is missing.

Although increased IFN signaling is a likely driver of immune
dysregulation in DS, additional studies will be necessary to
determine definitive cause-effect relationships between IFN
hyperactivity and DS phenotypes and define whether anti-IFN
strategies will have therapeutic benefits in DS. This report estab-
lishes the needed foundation for these studies, with clear poten-
tial to also advance our understanding of the impact of immune
dysregulation in the typical population.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-human CD45 (clone HI30) Fluidigm Cat#3089003; RRID: AB_2661851
Mouse monoclonal anti-human CD66a/c/d/e (clone B1.1/CD66) BD Biosciences Cat# 551354; RRID: AB_394166
Mouse monoclonal anti-human IgM (clone MHM-88) BiolLegend Cat#314502; RRID: AB_493003
Mouse monoclonal anti-human CD19 (clone HIP19) Fluidigm Cat#3142001; RRID: AB_2651155
Mouse monoclonal anti-human CD123 (clone 6H6) Fluidigm Cat#3143014B, RRID: AB_2811081
Mouse monoclonal anti-human CD4 (clone RPA-T4) Fluidigm Cat#3145001; RRID: AB_2661789
Mouse monoclonal anti-human IgD (clone 1A6-2) Fluidigm Cat#3146005B; RRID:AB_2811082
Mouse monoclonal anti-human CD11c (clone Bu15) Fluidigm Cat#3147008; RRID:AB_2687850
Mouse monoclonal anti-human CD127 (clone A019D5) Fluidigm Cat#3149011; RRID:AB_2661792
Mouse monoclonal anti-human CD1c (clone L161) BioLegend Cat# 331501; RRID:AB_1088996
Mouse monoclonal anti-human CD14 (clone M5E2) Fluidigm Cat#3175015B; RRID:AB_2811083

Mouse monoclonal anti-human CD7 (clone CD7-6B7)
Mouse monoclonal anti-human CD3 (clone UCHT1)
Mouse monoclonal anti-human CD279/PD1 (clone EH12.2H7)
Mouse monoclonal anti-human CD45RA (clone HI100)
Mouse monoclonal anti-human FOXP3 (clone 259D/C7)
Rabbit monoclonal anti-human IFNAR1 (clone EP899Y)
Mouse monoclonal anti-human CD16 (clone B73.1)
Mouse monoclonal anti-human CD8a (clone RPA-T8)
Mouse monoclonal anti-human CD34 (clone 581)
Mouse monoclonal anti-human CD45RO (clone UCHL1)
Mouse monoclonal anti-human CD27 (clone L128)
Mouse monoclonal anti-human CD25 (clone 2A3)
Mouse monoclonal anti-human CD141 (clone M80)
Mouse monoclonal anti-human CD38 (clone HIT2)
Mouse monoclonal anti-human GZMB (clone GB11)
Mouse monoclonal anti-human HLA-DR (clone L243)
Mouse monoclonal anti-human CD56 (clone N901)
Mouse monoclonal anti-human COL1 (clone 5D8-G9/Col1)
Mouse monoclonal anti-human phospho-STAT4
(Tyr693) (clone 38/p-Stat4)

Rabbit monoclonal anti-human phospho-p44/42

MAPK (Erk1/2) (Thr202/Tyr204) (clone D13.14.4E)
Mouse monoclonal anti-human phospho-STAT3
(Tyr705) (clone 4/P-STAT3)

Rabbit monoclonal anti-human phospho-STAT5
(Tyr694) (clone C11C5)

Rabbit monoclonal anti-human phospho-4E-BP1

(Thr37 / Thr46) (clone 236B4)

Rabbit monoclonal anti-human phospho-STAT6
(Tyr641) (clone 18)

Rabbit monoclonal anti-human phospho-STAT2
(Tyr690) (clone D3P2P)

DVS Sciences
DVS Sciences

Fluidigm

BioLegend

Fluidigm
Abcam

BioLegend

Fluidigm
Fluidigm
Fluidigm
Fluidigm
Fluidigm

BioLegend

Fluidigm
Fluidigm
Fluidigm
Fluidigm

ThermoFisher Scientific

Fluidigm

Cell Signaling Technology

Fluidigm

Cell Signaling Technology

Cell Signaling Technology

Fluidigm

Fluidigm

Cat#3153014B; RRID:AB_2811084
Cat#3154003B; RRID:AB_2811086
Cat#3155009B; RRID:AB_2811087
Cat#304102; RRID:AB_314406
Cat#3159028A; RRID:AB_2811088
Cat#ab45172; RRID:AB_775764
Cat#360702; RRID:AB_2562693
Cat#3162015; RRID:AB_2661802
Cat#3163014B; RRID:AB_2811091
Cat#3164007B; RRID:AB_2811092
Cat#3167006B; RRID:AB_2811093
Cat#3169003; RRID:AB_2661806
Cat#344102; RRID:AB_2201808
Cat#3172007B; RRID:AB_2756288
Cat#3173006B; RRID:AB_2811095
Cat#3174001; RRID:AB_2665397
Cat#3176009B; RRID:AB_2811096
Cat#CSI 008-01-02; RRID:AB_1073749
Cat#3148006A; RRID:AB_2811098

Cat#4370; RRID:AB_2315112
Cat#3158005A; RRID:AB_2811100
Cat#9359; RRID:AB_823649
Cat#2855; RRID:AB_560835
Cat#3168012A; RRID:AB_2811103
Cat#88410; RRID:AB_2800123

(Continued on next page)

Cell Reports 29, 1893-1908.e1-e4, November 12, 2019 el

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Rabbit monoclonal anti-human phospho-STAT1

(Tyr701) (clone 58D6)

Mouse monoclonal anti-human CD45 (clone HI30)

Cell Signaling Technology

Fluidigm

Cat#9167; RRID:AB_561284

Cat#3089003; RRID: AB_2661851

Biological Samples

Blood from donors

The Crnic Institute Human
Trisome Project Biobank

Clinicaltrials.gov Identifier:
NCT02864108; www.trisome.org

Chemicals, Peptides, and Recombinant Proteins

Human IFNa-2a PBL Assay Science Cat#11100-1

Critical Commercial Assays

Cell-ID 20-Plex Pd Barcoding Kit Fluidigm Cat#PRD023

Transcription Factor Phospho Buffer Set BD PharMingen Cat#563239

Cell-ID Intercalator-Ir Fluidigm Cat#201192A

Deposited Data

RNA-seq data Espinosa lab GEO: GSE128622 (super series), GEO:
GSE128614 (unstranded data),
and GEO: GSE128621 (strand-specific).

All flow and mass cytometry data Espinosa lab https://trisome.shinyapps.io/Waugh_
et_al_Cell_Reports_Online_Portal/

Raw CyTOF data for unstimulated samples Espinosa lab https://doi.org/10.17605/OSF.IO/JTES35,
https://osf.io/jte35/

Raw CyTOF data for stimulated samples Espinosa lab https://doi.org/10.17605/OSF.I0/JTE35,

https://osf.io/jte35/

Software and Algorithms
FlowJo Tree Star v10.5.3
Bead normalization of mass cytometry data Finck et al., 2013
Combat ‘sva’ Bioconductor package
Rtsne Amir et al., 2013
Amir et al., 2013
Chen et al., 2016

https://www.cytobank.org/nolanlab
R package v3.26.0

R package v0.13

Jenson-shannon divergence

PhenoGraph ‘cytof_cluster’ function of cytofkit
bioconductor package

‘kde2d’ function

R package v1.12.0

MASS library R package v7.3.50

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Joaquin
Espinosa (joaquin.espinosa@cuanschutz.edu). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All participants were enrolled under study protocols approved by the Colorado Multiple Institutional Review Board (COMIRB
#14-2300 for children and COMIRB #15-2170 for adults). Written informed consent was obtained from parents or guardians of
each participant, and assent was obtained from participants over the age of 7 years who were cognitively able to assent. All
procedures were performed in accordance with COMIRB guidelines and regulations. Demographics and other data about research
participants can be found in Table S1.

METHOD DETAILS

Study design

The objective of this study was to determine baseline changes in immune homeostasis within the myeloid and lymphoid lineages of
adults with DS in comparison to typical controls. To achieve this goal, we utilized mass cytometry to compare white blood cells
enriched for non-granulocytes from 36 adults (18 with DS). This sample size was determined a priori based on previous studies of
the transcriptome and proteome of individuals with DS. Key results from mass cytometry were pursued in larger cohorts by
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cross-platform validation using flow cytometry. None of the participants reported signs of active infection for at least 2 weeks prior to
blood draw. All samples were processed directly ex vivo. All data that passed quality control metrics from the mass cytometry or flow
cytometry instruments were included. The number of biological replicates for each experiment are detailed in Table S1. Allimmune
and clinical variables collected are provided in Table S2, and also made accessible to readers through the following online portal:
https://trisome.shinyapps.io/Waugh_et_al_Cell_Reports_Online_Portal/.

Sample processing for mass cytometry

Whole blood was collected into BD Vacutainer® K2 EDTA tubes (BD, 366643) and processed for mass cytometry analyses directly
ex vivo using a protocol adapted from previous studies (O’Gorman et al., 2015). For baseline characterization, 0.5 mL of whole
blood underwent red blood cell (RBC) lysis and fixation (BD Biosciences #558049), was washed in 1x PBS (Rockland
#MB-008) and Cell Staining Buffer (CSB, Fluidigm #201068), then stored at —80°C in CSB. For IFNa stimulations, 0.5 mL of whole
blood was treated with 10,000 U/mL of IFNa-2a (PBL #11100-1) for 30 min at 37°C in 5% CO,, then processed and stored as
described above. For staining, samples were thawed at room temperature, washed in CSB, barcoded according to Fluidigm’s
Cell-ID 20-Plex Pd Barcoding Kit (#PRD023), then combined prior to staining. Extracellular staining with antibodies was done
in CSB, then simultaneous detection of intracellular transcription factors and phospho-epitopes was accomplished using BD
PharMingen’s Transcription Factor Phospho Buffer Set (#563239). All antibodies used for staining were either bought pre-conju-
gated to metal isotopes or were conjugated using the Maxpar Antibody Labeling Kit (Fluidigm 201160B). Barcoded and stained
cells were labeled with Cell-ID Intercalator-Ir (Fluidigm, #201192A), then analyzed on a Helios instrument (Fluidigm) with the anti-
body-metal conjugates listed in Table S3.

Sample processing for flow cytometry

Complete blood counts (CBCs) were acquired on an AcT 10 (Beckman Coulter), then blood was centrifuged at 700 g for 15 min to
separate plasma, buffy coat, and RBCs. White blood cells (WBCs) were enriched from the buffy coat fraction by RBC lysis according
to manufacturer’s instructions (BD, #555899). WBCs were then stained in FACS Buffer (1x PBS, 1 mM EDTA, 25 mM HEPES pH 7.0,
1% FBS) with the following fluorochrome-conjugated Abs to identify indicated cell populations: CD3 (OKT3; BioLegend), CD19
(HIB19; BioLegend), CD56 (5.1H11; BioLegend), CD16 (B73.1; BioLegend), and CD14 (63D3; BioLegend). Events were acquired
on a MoFlo Astrios EQ (Beckman Coulter) then analyzed using FlowJo software (Tree Star v10.4.0). CBCs were used to back-calcu-
late relative cell number per uL of blood for indicated cell types among single events.

For analysis of fibrocytes by flow cytometry, fresh blood (5 mL) was prepared as previously described (Moeller et al., 2009). Briefly,
buffy coat cells were removed from blood centrifuged for 10 min at 450 g at room temperature. Following RBC lysis by addition of
ammonium chloride (0.15 M, pH 7.3), leukocytes were washed, verified for viability by trypan blue exclusion, and prepared to a con-
centration of 1x10° cells/mL. Cells were stained with the fluorochrome-conjugated anti-CD45 (PB986; BD Biosciences), fixed and
permeabilized according to the manufacturer’s protocol (Fix/Perm Solution 554714; BD Biosciences), and then labeled with rabbit
anti-human pro-collagen | (MAB1913; Millipore). Secondary antibody (FITC-conjugated goat anti-rabbit IgG; AP132F; Millipore) was
applied according to the manufacturer’s protocols. The negative thresholds were set using fluorescence minus one (FMO) labeled
cells from both typical children and children with DS. Events were acquired using an FC500 flow cytometer then processed using CXP
software (Beckman Coulter Inc., Brea, CA, USA).

Pre-processing of mass cytometry data

Pre-processing of mass cytometry data included normalization within and between batches via polystyrene beads embedded with
lanthanides as previously described (Finck et al., 2013), transformation using hyperbolic arcsinh, then normalization again between
batches prior to ViSNE analysis using the empirical Bayes approach, Combat (‘sva’ bioconductor package v3.26.0) in R-3.4.3.

Analysis of mass cytometry data using viSNE

To visualize the global structure of myeloid and lymphoid lineages, non-granulocytes (CD66-) of the hematopoietic lineage (CD45%)
were enriched by manual gating among single events (Figure S2A), equally subsampled to 2,600-6,000 events, then run through a
Barnes-Hut implementation of the t-SNE algorithm, viSNE (Amir et al., 2013), in the R package ‘Rtsne’ (v0.13), using optimized pa-
rameters (Figure S1B). All markers listed in Table S3 to characterize myeloid and lymphoid lineages were selected for viSNE,
excluding CD34, due to low abundance of CD34+ HSPCs (< 2% of CD45+CD66- events; Amir et al., 2013), as well as CD66,
CD45, and IFNAR1. JS divergence scores were calculated for all pairs of ViISNE plots as previously described (Amir et al., 2013)
to quantify overall similarity among samples, then organized by hierarchical clustering to visualize overall structure within the dataset.

Comparison of distinct regions within viSNE plots

The high-dimensional clustering algorithm PhenoGraph (Levine et al., 2015) was applied by the ‘mass cytometry_cluster’ function in
the mass cytometry kit bioconductor package (v1.12.0, Chen et al., 2016) of R-3.5.1 to partition CD45+CD66- single events into
subpopulations by expression of all markers listed above for viSNE. To apply topographical analysis to vViSNE plots, the ‘kde2d’ func-
tion in the MASS library (v7.3.50) of R-3.4.3 was used to get kernel density estimates (KDEs) for a 300x300 grid overlaid onto viSNE
plots. Differences in cohort KDEs were visualized by subtraction of concatenated T21 viSNE plots from concatenated D21 viSNE
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plots (ggplot2 v3.0.0). All manual gating to resolve immune cell types was done in FlowJo, CytoBank, or resultant GatingML files in R
that were then applied to indicated analyses.

RNA-seq analysis

WBCs were cryopreserved in CryoStor CS10 Freezing Media (#210102) at ~10x10° cells/mL. WBCs were thawed quickly at 37°C
and immediately spiked into 9 mL of complete RPMI media then centrifuged at 500 g for 5 min and media removed. Cells were
resuspended in 600 pL RLT Plus (QIAGEN) and Beta-mercaptoethanol (BME) lysis buffer (10 pL BME:1 mL RLT Plus). RNA was
extracted using the AllPrep DNA/RNA/Protein Mini Kit according to manufacturer’s instructions (QIAGEN, 80004). RNA quality
was determined by Agilent 2200 TapeStation and quantified by Qubit (Life Technologies). Samples with RINs of > 6.8 and a minimum
of 1 ng were used to prepare next-generation sequencing libraries with the lllumina TruSeq Stranded mRNA Library Prep Kit and
sequenced with an lllumina NovaSeq 6000 instrument. Analysis of library complexity and high per-base sequence quality across
all reads was performed using FastQC software. Other bioinformatic steps included trimming of low-quality bases, short reads,
and adaptor sequences, with the fastqc-mcf. tool; removal of mycoplasma, mitochondria, and rRNA contaminant sequences with
FASTQ Screen; read alignment to GRCh37/hg19 using TopHat2; filtering of high-quality mapped reads with SAMtools; and final qual-
ity performed using RSeQC. Gene level counts were obtained using HTSeq (Anders et al., 2015).

Heatmaps, box and whisker, volcano, and radar plots

Generation of heatmaps and volcano plots was done using ggplot2 (v3.1.0) and radar plots using the ‘radarchart’ function of the fmbs
package (v0.6.3) in R-3.5.1. All box and whisker plots denote the median within a box extending from the 25" to 75" percentiles and
error bars span minimum to maximum values within the indicated datasets (Prism vs7 and 8; GraphPad).

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of biological replicates, or “n,” is specified for each experiment in Table S1. All statistical significance was analyzed using
a paired (Figure 7A and Table S4F) or unpaired (all other figures and tables) two-tailed Student’s t test in Prism (vs7 and 8; GraphPad),
Microsoft Excel (v16.16.5), or R-3.5.1. Ap value < 0.05 was considered statistically significant and is denoted by an asterisk, in which
*p < 0.05, *p < 0.01,*p < 0.001, and **p < 0.0001. Correction for multiple hypotheses testing was performed by the Benjamini-
Hochberg method (Klipper-Aurbach et al., 1995). All Benjamini-Hochberg adjusted p values can be found in Tables S4 and S6.

DATA AND CODE AVAILABILITY

RNA-seq data were deposited at the Gene Expression Omnibus (National Center for Biotechnology Information) with series acces-
sion numbers GEO: GSE128622 (super series), GEO: GSE128614 (unstranded data), and GSE128621 (strand-specific). All mass cy-
tometry and flow cytometry data can be accessed through the online portal:

https://trisome.shinyapps.io/Waugh_et_al_Cell_Reports_Online_Portal/. The code supporting the current study have not been
deposited in a public repository but are available from the lead contact upon request. Raw mass cytometry data can be obtained
at the following Open Science Framework websites with https://doi.org/10.17605/0SF.I0/JTE35 and https://doi.org/10.17605/
OSF.IO0/P5KFM: https://osf.io/jte35/ and https://osf.io/p5Skfm/.

ADDITIONAL RESOURCES

All immune and clinical variables collected are accessible to readers through the following online interactive portal: https://trisome.
shinyapps.io/Waugh_et_al_Cell_Reports_Online_Portal/.

All adult participants were enrolled in The Crnic Institute Human Trisome Project Biobank (www.trisome.org, ClinicalTrials.gov
Identifier NCT02864108).
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Figure S1, related to Figure 1. Mass cytometry analysis to characterize the immune
system of adults with trisomy 21. (A) Overview of the analysis pipeline used to define
changes within the myeloid and lymphoid compartments circulating in individuals with trisomy
21 (T21) compared to disomic (D21) controls. A total of 36 age- and sex-matched samples were
split among Palladium (Pd) barcodes, stained with antibodies, and run on a mass cytometer.
Data pre-processing included normalization within and between batches via polystyrene beads
embedded with lanthanides, then between batches by an empirical Bayes approach. A Barnes-
Hut implementation of the t-SNE algorithm, viSNE, was utilized to visualize global structure of
the immune system, then manual gating further resolved subset abundance and phenotype. Of
the original sample cohort, a randomly selected subgroup of 8 whole blood samples from
individuals with T21 and 8 age- and sex-matched D21 controls were stimulated directly ex vivo
with IFNa to assay immune cell function, as determined by intensity of phospho-epitope staining
among immune subtypes. (B) To determine appropriate ViSNE parameters, all samples were
subsampled, concatenated, then run through various viSNEs while altering perplexity, theta,
and number of iterations. Parameters were considered optimal (Perplexity 30, bold) when
biologically similar events, as denoted by color, were relatively close in proximity as well as
located in diffuse rather than punctate linear formations. Examples of such fluctuations in event
location while only perplexity was changed is delineated by an arrow and number while theta
was set at 0.2 and the number of iterations at 10,000. Color of viSNE plots by the indicated
immune subsets were determined by manual gating on canonical markers. (C-D) Concatenated
events from individuals with T21 (n=18) and D21 controls (n=18) were (C) colored according to
metal intensity of the indicated marker and conjugated metal isotope used to assign subsets
among ViSNE plots by manual gating. (D) Overlay of immune cell subsets (colored dots) and
PhenoGraph Clusters 8 and 25 (contour plots), defined by surface marker expression on events

represented in ViISNE plots.
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Figure S2, related to Figures 2-5. Gating scheme to resolve 100 immune cell types within

the peripheral blood by mass cytometry. (A-F) Representative dot plots and histograms of

mass cytometry data labeled by antibody target and isotope conjugate. (A) Intercalator and

event length were used to identify intact single cells. Among these events, negative selection of

CD66a/c/d/e was used to enrich for non-granulocytes while CD45 was used to positively identify

cells of hematopoietic lineage. T and B cell lineages were identified by CD3 and CD19,

respectively. (B) T cells were divided by CD4 and CD8 then discriminated into naive (Tna),

CD27+/- memory (Tmem), and effector (Terr) subsets. Among CD4+ T cells, CD25, CD127, and



FOXP3 were used to delineate CD25™ regulatory T cells (Tregs), which were further
discriminated as described above into Tna, CD27+/- Tuem, and Terr. With the exception of Tregs,
all CD4+ and CD8+ T cell subsets were further characterized by expression of PD1 and GZMB.
T cells that did not express CD4 or CD8 were deemed double-negative (DN). (C-D) Among non-
T or non-B cells, (C) monocytes were defined as CD7-, HLA-DR+, CD11c+, as well as CD14+
or CD16+, which were further used to identify classical (Mc), intermediate (M), and nonclassical
(Mnc) monocyte subsets. Dendritic cells (DC) were defined through the following gating
strategies: plasmacytoid DCs (pDCs) were CD7- HLADR+ CD11c- CD123+, while myeloid DCs
(mDCs) were CD7- HLA-DR+ CD11c+ CD14- CD16-, and then further discriminated into
CD141+ conventional DCs (cDCs) and CD1c+ cDCs. Lastly, positive expression of CD7 was
interpreted as CD7+ innate lymphoid cells (ILCs) among non-T or non-B cells, from which
Natural Killer (NK) cells were delineated by lack of CD127. NK cells were further divided into 5
distinct subsets by CD56 and CD16 staining. All CD7+ ILC subsets were analyzed for
expression of GZMB; positive expression of this effector protein is denoted on the overlaid
histograms by the position of a blue arrow. (D) Hematopoietic stem and progenitor cells
(HSPCs) were defined among CD14- CD16- non-T or non-B cells by CD34 and CD45 staining.
CD38 delineated hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs) from
oligopotent progenitors (OPPs). (E) B cells were dissected by CD27, IgD, and IgM into anergic,
c-delta class switched, pre-switched, mature, and immature naive (Bna), as well as memory
(Bmewm), which were further discriminated into IgM and IgD double-negative (DN)/atypical Buew,
IgM Buewm, and switched Buem. Plasmablasts (PBs) were identified by high expression of CD27
and CD38, while CD11c+ B cells were simply identified by CD11c. (F-G) Fibrocytes were
identified in a separate experiment; gating began similar to parts “A” and “D,” as represented by
a dashed line for pre-gating, to identify HSPCs among CD66-CD45+CD3-CD19-CD14-CD16-
events. (F) COL1 was then used to identify fibrocytes followed by HLA-DR to delineate

alternative phenotypes. (G) Positive expression for COL1 was determined by Metal Minus One



(MMO). (A-G) Background colors denote flow plots from distinct branches of the immune

system, as described in Table S5.
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Figure S3, related to Figures 2-5. Trisomy 21 impacts every detected branch of the
immune system. The frequency of 100 immune cell types simultaneously detected among non-
granulocytes (CD45+CD66-) was determined by manual gating, as depicted in Figure S2, then
compared between individuals with trisomy 21 (T21, n=18) and disomic (D21, n=18) controls.

(A) Volcano plot displaying fold change versus p values for all 100 cell types. Dashed vertical



line represents no change, dashed horizontal line represents p<0.05 by Student’s t test. See
Table S4B for full statistics. (B) Lineage tree depicts various immune cell types compared
between individuals with T21 and D21 controls. HSPCs: hematopoietic stem and progenitor
cells; HSCs: hematopoietic stem cells; MPPs: multipotent progenitor cells; OPPs: oligopotent
progenitor cells, mDCs: myeloid dendritic cells, pDCs: plasmacytoid DCs, ILCs: innate lymphoid
cells, NK cells: natural killer cells, Tregs: regulatory T cells. P stands for PD1 and G for
Granzyme B. Color denotes fold-change where red is increased and blue is decreased
frequency of immune subsets among CD45+CD66- events from individuals with T21 compared

to D21 controls. In all cases, statistical difference was determined by a Student’s t test (*p<0.05

and **p<0.01).
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Figure S4, related to Figures 2-5. Gating scheme to identify immune subsets in the
peripheral blood via flow cytometry. (A-C) Representative dot plots and histograms of flow
cytometry data labeled by antibody target and isotope conjugate. (A) Fibrocytes were identified
by positive expression of CD45 and pro-collagen | c-terminal peptide (PICP). (B) Positive

expression of PICP was determined by fluorescence minus one (FMO). (C) Serial gating on



canonical markers was used to identify T cells, B cells, classical and intermediate monocytes,

as well as CD56++CD6- and CD56+CD16+ NK cells.
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Figure S5, related to Figure 4. Analysis of the peripheral T cell compartment in people
with trisomy 21. (A-B) CD3 staining was used by cytometry to quantify abundance of bulk T
cells and (C-E) T cell subsets within the peripheral blood of individuals with trisomy 21 (T21)
and disomic (D21) controls, as described in Figure S2A-B, Figure S4C, and Table S5. (A)
Mass cytometry was used to determine the frequency of bulk T cells among non-granulocytes of
hematopoietic lineage (CD45+CD66-) within the peripheral blood of individuals with T21 (n=18)
and D21 controls (n=18), as described in Figure S2A-B. (B) Flow cytometry and complete
blood counts were used to determine the frequency and relative number of bulk T cells among
single events within the peripheral blood of individuals with T21 (n=39) and D21 controls (n=50),
as described in Figure S4C. (C-D) Within mass cytometry data, FOXP3 expression was used to
determine the frequency of regulatory T cells (Tregs) among non-granulocytes of hematopoietic
lineage (CD45+CD66-) within the peripheral blood of individuals with T21 (n=18) and D21
controls (n=18), as described in Figure S2A-B. (D) Representative examples of Treg frequency

among the parent gate of CD25"' CD127-° CD8+ T cells. (E) The frequency of all detected T



cell subsets was simultaneously detected among bulk T cells by manual gating, as depicted in
Figure S2A-B and Table S5, then compared between individuals with T21 (n=18) and D21
(n=18) controls. Volcano plot depicts fold change versus p values for all 57 subsets of T cells.
Dashed vertical line represents no change, dashed horizontal line represents p<0.05 by
Student’s t test. See Table S4C for full statistics and acronym meaning. (A-E) All statistical
significance was determined by a Student’s ¢ test, *p<0.05, **p<0.01, ***p<0.001, and

**¥0<0.0001.
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Figure S6, related to Figure 6. IFNAR1 isotype control. As done for the antibody against
IFNAR1 described in Table S3, a recombinant Rabbit IgG isotype control (Abcam ab199376)
was conjugated to the metal isotype Gd160 using the Maxpar Antibody Labeling Kit (Fluidigm
201160B), tittered, and used to stain a representative D21 control sample side-by-side with the
anti-IFNAR1-Gd160. Staining by isotype control is indicated in grey histograms and grey
geometric mean metal intensities (gMMIs) while staining by anti-IFNAR1 is similarly denoted in

black.
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Figure S7, related to Figure 7. Inmune cells with trisomy 21 are hyperresponsive to IFNc.
(A-G) Whole blood was incubated directly ex vivo for 30 mins with (+IFN) or without (basal)
IFNa-2a (10,000 U/mL), then processed for mass cytometry according to Figure S1. Phospho-
epitopes among bulk immune subtypes were resolved by manual gating on expression of
canonical markers as depicted in Figure S2 among individuals with trisomy 21 (T21, n=8) and
disomic (D21, n=8) controls. Induction of (A) pSTAT3 and (B) pSTATS5 in 9 diverse immune
subsets within the D21 cohort following IFNa stimulation. (C) Basal levels of phospho-epitopes
in CD7+ innate lymphoid cells (ILCs) from individuals with T21 compared to D21 controls. (D-E)
Immune subsets with significant (D) pSTAT1 and (E) p4E-BP1 levels following IFNa stimulation
from individuals with T21 compared to D21 controls. (F) Representative histograms and gMMIs
of phospho-epitopes among indicated immune subsets from an individual with T21 (green) and
a D21 control (grey). (G) Levels of phospho-epitopes in COL1+ Fibrocytes compared to COL1-

Hematopoietic stem and progenitor cells (HSPCs) from individuals with T21 and D21 controls



(n=16 per COL1 group) both without (left volcano plot) and with (right volcano plot) IFNa
stimulation. COL1 gating was done according to Figure S2. (A-E, and G) Arcsinh ratios and p-
values were calculated from geometric mean metal intensities (gMMIs). All statistical
significance was determined by a Student’s ¢ test and the horizontal dashed line represents

statistical significance where p<0.05; please see Table S4C for full statistics.
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