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Diagnostic abnormalities, disease
severity and immunotherapy
responsiveness in individuals
with Down syndrome regression
disorder

Jonathan D. Santoro2**, Saba Jafarpour?, Laura Keehan?, Mellad M. Khoshnood'?,

Lilia Kazerooni!, Natalie K. Boyd?, Benjamin N. Vogel®, Lina Nguyen?, Melanie Manning®*,
Deepti Nagesh2, Noemi A. Spinazzi®, Aaron D. Besterman®, Eileen A. Quinn’ &

Michael S. Rafii%®

Introduction: Down Syndrome Regression Disorder (DSRD) is a neuropsychiatric condition causing
insomnia, catatonia, encephalopathy, and obsessive-compulsive behavior in otherwise healthy
individuals with Down syndrome (DS). Smaller cohorts have identified heterogenous diagnostic
abnormalities which have predicted immunotherapy responsiveness although pattern analysis in a
large cohort has never been performed. Methods: A multi-center, retrospective study of individuals
with DSRD was performed. Individuals met international consensus criteria for DRSD and were aged
10-30 years. Clinical, demographic, and diagnostic data was extracted for all individuals. Serum
studies were compared to a group of individuals with DS only. Results: A total of 164 individuals with
DSRD were identified. Individuals with DSRD were more likely to have a positive antinuclear antibody,
low complement 3, abnormal cytokines, and elevated ferritin levels. In a minority of individuals,

EEG (30%), MRI (33%) and cerebrospinal fluid (CSF) (21%) were abnormal. Individuals with CSF
abnormalities demonstrated greater disease severity at diagnosis on the BFCRS and NPI-Q (p=0.02
and p < 0.001). Abnormalities in cytokines (p =0.03), neuroimaging (p <0.001), and CSF (p =0.02) were
predictive of immunotherapy responsiveness. When MRI and LP were both abnormal or when EEG,
MRI and LP were all abnormal, the odds of immunotherapy responsiveness approached 100% (p =0.01,
95%Cl: 1.75-105.1, OR: 13.56 and p=10.02, 95%Cl: 1.37-86.87, OR: 10.91, respectively). Conclusions:
In a population of individuals diagnosed with DSRD, abnormalities in serum cytokine levels,
neuroimaging findings, and CSF analysis emerged as indicators of disease severity and responsiveness
to immunotherapy.

Keywords Down syndrome, Regression, Diagnostic, CSE, Serum, Cytokine

Down syndrome (DS) is one of the most common genetic disorders and is caused by trisomy of chromosome
21" Individuals with DS are at risk for a variety of neurologic and psychiatric conditions including autism
spectrum disorder (ASD), Alzheimer’s disease (AD), and Down Syndrome Regression Disorder (DSRD)?™.
Recently characterized in the last decade, DSRD is a condition in which otherwise healthy individuals with DS
experience an acute or sub-acute functional status decline and have a myriad of symptoms including agitation,
bradykinesia, catatonia, encephalopathy, insomnia, mutism, obsessive-compulsive tendencies, and the loss of
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ability to perform activities of daily living?-8. Persons with DSRD typically present during adolescence or young
adulthood with the majority of cases developing between ages 10-30 years. The acute/subacute presentation and
age at onset aids in distinguishing DSRD from other neuropsychiatric conditions which are co-morbid with DS,
such as ASD and AD*-1L,

Although the exact etiologies of DSRD remain unclear, several smaller studies have documented clear
abnormalities in neuroimaging and cerebrospinal fluid (CSF) analysis®!2 In addition, these abnormalities are
predictive of immunotherapy responsiveness, with rates of improvement as high as 80%.571213 This diagnostic-
therapeutic gap, is felt to indicate the possibility of multiple unknown mechanisms for DSRD. One proposed
hypothesis for neurologic disease in individuals with DSRD is overactivation of JAK/STAT signaling cascades,
which has been demonstrated in persons with DS and can be attributed to the multiple interferon receptor genes
located on chromosome 21 and has been proposed as a possible mechanism for DSRD!*!%. Given the underlying
chronic inflammatory state of persons with DS and the documented clinical improvement of individuals with
DSRD receiving immunotherapy, it is possible that DSRD may have an underlying autoimmune or inflammatory
pathogenesis, although this has not been explicitly identified at this time.

This study sought to systematically evaluate the presence of clinically available diagnostic abnormalities
in the serum, CSE, and neuroimaging of individuals with DSRD and determine if these abnormalities were
predictive of subsequent immunotherapy responsiveness.

Results

In total, 203 individuals met inclusion criteria for the study although complete data sets were only available
on 164 (81%). Of the 39 individuals without complete data sets, 29 (74%) had no LP data available, 7 (18%)
had incomplete MRI sequencing performed or had neuroimaging done on a 1.5 T scanner and 3 (8%) had
incomplete clinical data available. All cases with complete data sets were independently confirmed to have DSRD
by the independent arbiter (100% agreement). Demographic and clinical features of the cohort are presented in
Table 1. The median age of onset was 16 (interquartile range (IQR): 13-19) with a median age at diagnosis of 18
(IQR: 15-21.75) and a median age at first treatment of 19 (IQR: 15-22). There was a preceding trigger present
in 53% (n=2387) of cases with infection (n=23, 35%) or change of home/school environment (n=22, 34%)
being the most common temporal associations. Catatonia was present in 75% (n=123) of individuals. Patients
who received immunotherapy largely received IVIg (139, 85%) with smaller numbers of individuals receiving
rituximab (15, 9%), steroids (14, 9%), mycophenolate mofetil (7, 4%) and tofacitinib (2, 1%). There were 13
individuals who were on more than one immunotherapy with the most frequent combination being IVIg and
mycophenolate (8, 62%), IVIg and rituximab (3, 23%), and one being on IVIg and steroids (1, 8%).

Laboratory results for individuals with DSRD and DSwR are reported in Table 2. Multiple serum labs were
elevated in individuals with DSRD compared to individuals with DSwR and included antinuclear antibody
(ANA) (p<0.001, 95%CI: 3.49-9.11), complement 3 (C3) (p=0.02, 95%CI: 1.16-5.98), cytokines (p=0.03,
95%CI: 1.55-9.55), erythrocyte sedimentation rate (ESR) (p <0.001, 95%CI: 3.13-9.18), and ferritin (p=0.04,
95%CI: 1.05-3.54). The most frequently elevated cytokines in the DSRD cohort were soluble interleukin (IL) 2
receptor (sIL2r) (67%), IL-6 (22%), and IL-10 (30%), with only sIL2-R being statistically significant compared
to individuals with DSwWR (p =0.04, 95%CI: 1.09-92.1). Individuals with DSwR were noted to have TNF-alpha
abnormalities more frequently than individuals with DSRD (p=0.04, 95%CI: 0.02-0.92). The median time to
nadir of symptoms was significantly shorter (four weeks) in individuals with cytokine abnormalities than in
those without (nine weeks) (p=0.02, 95%CI: 1.17-3.67). Other lab-based abnormalities were not associated
with clinical or demographic data or with disease severity.

Neurodiagnostic data is also reported in Table 2. The rate of EEG abnormalities was 30% (n=40), with
the large majority being diffuse bilateral slowing (33/40, 83%). Neuroimaging abnormalities were detected in
33% (n=>54) of individuals, with the majority having bilateral susceptibility-weighted imaging (SWI) signal
abnormalities in the basal ganglia (40/54, 74%). Representative imaging findings are presented in Fig. 1.
Compared to a cohort of individuals with DSWR who had neuroimaging performed for any reason outside of
the neonatal period, there was a statistically significant higher incidence of T2 signal prolongation and gradient
echo sequences (GRE)/SWI signal abnormalities (p <0.001, 95%CI: 1.70-5.87). The rate of abnormalities on
lumbar puncture was 21% (n = 34). The most frequent abnormalities in the cerebrospinal fluid were elevated CSF
protein and elevated IgG index which were present in seven individuals each (14%). Independently, there were
seven individuals with both elevations in CSF total protein and IgG index (7%). Individuals with DSRD who had
CSF abnormalities demonstrated greater disease severity at diagnosis with a median BFCRS of 29 and NPI-Q
total score of 45 compared to those without which were 21 and 30, respectively (p=0.02, 95%CI: 1.07-2.64;
p<0.001, 95%CI: 1.39-6.21). This difference was not observed in individuals with EEG (p =0.41 and p=0.66) or
MRI (p=0.37 and p=0.22) abnormalities.

Individuals with DSRD and diagnostic abnormalities were noted to have disease severity differences and
unique clinical phenotypes (Table 3). No serum biomarkers were predictive of the presence of catatonia or more
severe clinical symptomatology as defined by the BFCRS =20 and NPI-QSS > 10. The presence of either MRI and
LP abnormalities was predictive of the presence of catatonia (p=0.02, 95%CI: 1.13-2.35 and p=0.03, 95%CI:
1.34-3.46, respectively), BFCRS > 20 (p=0.04, 95%CI: 1.36-2.49 and p=0.03, 95%CIL 1.09-2.97, respectively)
although only LP was predictive of elevated NPI-QSS = 10 (p <0.001, 95%CI: 2.63-4.69). The presence MRI and
LP abnormalities in the same individual was associated with catatonia (p =0.01, 95%CI: 1.87-3.98), BECRS > 20
(p=0.02, 95%CI: 1.63-3.65) and NPI-QSS>10 (p=0.02, 95%: 1.43-3.07). Symptoms of DSRD were not
associated with the presence or absence of any diagnostic test with the exception of movement disorder which
was associated with abnormalities on MRI (p=0.02, 95%CI: 1.21-2.69) and LP (p=0.04, 95%CI: 1.09-3.79),
similar to findings of those with catatonia.
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Language deficits
Movement disorder

n (%)
Sex
Male 86 (52%)
Female 78 (48%)
Race
Caucasian 126 (77%)
Black/African-American 23 (14%)
Asian 15 (9%)
Ethnicity
Hispanic 85 (52%)
Non-Hispanic 79 (48%)
Age of Onset (median, IQR) 16 (13-19)
Preceding Trigger 87 (53%)
Change in School/Home Environment 27 (31%)
Loss of Family/Caregiver/Friend 8 (9%)
Death in Family 7 (8%)
Change in Residence 5 (6%)
Abuse 4 (4%)
Medical or Clinical Issue 3 (3%)
Infection 33 (38%)
Age at Therapy (median, IQR) 18 (15-21.75)
Months to Symptom Nadir (median, IQR) 19 (15-22)
DSRD Criteria
Probable 109 (66%)
Possible 55 (34%)
DSRD Symptoms
Altered mental status or behavioral dysregulation 134 (82%)
Cognitive decline 130 (79%)
Developmental regression with or without new autistic features 164 (100%)
New focal neurological deficits on examination and/or seizure 29 (18%)
Insomnia or circadian rhythm disruption 90 (55%)

125 (76%)
129 (79%)

Psychiatric symptoms 144 (88%)
History of Autoimmune Disease 85 (52%)
History of Autism Spectrum Disorder! 17 (10%)
Catatonia 123 (75%)
BFCRS (median, IQR) 19 (11-26)
NPI-Q Total Score (median, IQR) 35 (24-45)
Immunotherapy Received?

Steroids 14 (9%)

vig 139 (85%)

Mycophenolate Mofetil 7 (4%)

Rituximab 15 (9%)

Tofacitinib 2 (1%)

Multiple Therapies 13 (8%)

Table 1. Clinical and demographic information (n=164).

Legend: BECRS =Bush-Francis Catatonia Rating Scale, IQR =interquartile range, IVIg=intravenous

immunoglobulin, NPI-Q = neuropsychiatric inventory questionnaire.!Corresponds to a diagnosis of autism
spectrum disorder prior to the age of eight years and greater than three years from the onset of symptoms of

DSRD.?Patients can have received more than one immunotherapy.

Certain serum and neurodiagnostic studies were predictive of immunotherapy responsiveness in individuals
with DSRD (Table 4). With regards to blood-based testing, only cytokine abnormalities were predictive of
subsequent immunotherapy responsiveness (p=0.03, 95%CI: 1.12-6.43, OR: 2.68). C3 levels trended towards
significance but did not meet threshold (p=0.07, 95%CI: 0.93-4.80, OR: 2.11). In general, neurodiagnostic
tests were highly predictive of subsequent immunotherapy responsiveness. Abnormalities in neuroimaging
(p<0.001, 95%CI: 3.15-20.17, OR: 7.98) and LP (p=0.02, 95%CI: 1.18-10.82, OR: 3.58) were the most
statistically significant testing abnormalities that predicted immunotherapy responsiveness, while abnormalities
on EEG were not predictive (p=0.25, 95%CI: 0.72-3.43, OR: 1.57). When MRI and LP were both abnormal
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DSRD DSwR p Value 95% CI
(n=164)

ANA 48 (29%) 35/512 (7%) <0.001 3.49-9.11
C3 48 (29%) 8/59 (14%) 0.02 1.16-5.98
C4 40 (24%) 6/50 (12%) 0.06 0.94-5.96
CRP 2 (0.8%) 22/478 (5%) 0.06 0.06-1.10
Cytokines 54 (38%) 6/53 (11%) 0.03 1.55-9.55

TNF-alpha 3 (5%) 2 (33%) 0.04 0.02-0.92

Interferon gamma 5(9%) 1 (17%) 0.57 0.05-5.28

IL-1 beta 0 (0%) 0 (0%) - -

IL-2 0 (0%) 0 (0%) - -

SIL2-R 36 (67%) 1 (17%) 0.04 1.09-92.1

L4 0 (0%) 0 (0%) - -

IL-5 0 (0%) 0 (0%) - -

IL-6 12 (22%) 2 (33%) 0.54 0.09-3.51

1L-8 0 (0%) 0 (0%) - -

IL-10 16 (30%) 3 (50%) 0.32 0.08-2.31

IL-13 0 (0%) 0 (0%) - -

IL-17 1 (2%) 0 (0%) - -
ESR 29 (18%) 31/804 (4%) <0.001 3.13-9.18
Ferritin 27 (16%) 21/226 (9%) 0.04 1.05-3.54
TPO Antibody 56 (34%) 169/585 (29%) 0.19 0.88-1.85
Thyroglobulin Antibody 46 (28%) 115/509 (23%) 0.16 0.89-1.99
Vitamin D Level (median IQR) 19 24 0.22 0.64-1.36
EEG Abnormal 49 (30%) - - -
MRI Abnormal* 54 (33%) 16/119 (13%) <0.001 1.70-5.87

SWI Abnormal in Basal Ganglia (n = 54) 40 (74%) 5/119 (4%) <0.001 2.81-19.28

T2 Signal >2 mm in White Matter (n = 54) 18 (35%) 6/119 (5%) <0.001 3.47-25.52

T1 Structural Abnormality (n = 54) 3 (5%) 10/119 (8%) 0.51 0.17-2.43
Lumbar Puncture Abnormal 34 (21%) - - -
Type of CSF Abnormality (n = 34)

Pleocytosis 2 (6%)

High CSF Protein 7 (21%)

Matched OCB 2 (6%)

Restricted OCB 5 (15%)

Elevated IgG Index 7 (21%)

Elevated Neopterin 0 (0%)

CSF Protein + IgG Index Elevated 7 (21%)

CSF Protein + Restricted OCB 3 (9%)

Elevated IgG Index and Restricted OCB 1 (4%)

Mayo cell-based autoimmune encephalitis panel 0 (0%)
Any Neurodiagnostic Abnormality 94 (57%)

EEG Alone 21 (25%)

MRI Alone 24 (26%)

LP Alone 10 (11%)

EEG + MRI Abnormal 9 (10%)

EEG + LP Abnormal 9 (10%)

LP + MRI Abnormal 5 (5%)

EEG, MRI, and LP Abnormal 16 (17%)

Table 2. Serum and neurodiagnostic biomarkers in DSRD versus individuals with DSwR.

Legend: Antinuclear antibody (ANA), complement (C), cerebrospinal fluid (CSF), C-reactive protein (CRP),
electroencephalogram (EEG), immunoglobulin G (IgG), lumbar puncture (LP), magnetic resonance imaging
(MRI), interleukin (IL), oligoclonal band (OCB), thyroid peroxidase (TPO), * = T2 signal abnormality >2 mm
in grey or white matter and/or GRE/SWI signal abnormality in the basal ganglia.

or when EEG, MRI and LP were all abnormal, the odds of immunotherapy responsiveness approached 100%
(p=0.01, 95%CI: 1.75-105.1, OR: 13.56 and p=0.02, 95%CI: 1.37-86.87, OR: 10.91, respectively). However, this
effect was largely driven by neuroimaging abnormalities in this cohort. Maximum change on the NPI-Q total
score and BFCRS for diagnostic biomarkers associated with immunotherapy responsiveness are presented in
Table 5. The maximum nadir of both the NPI-Q and BFCRS was statistically different for cytokines, MRI, LP, and
when these neurodiagnostics were combined for all but cytokines impact on the BECRS (p=0.35, 95%CI: 0.23-
1.25). NPI-Q subfields were also analyzed to determine if there was any unique association between diagnostic
biomarkers and subfield scores but none were independently statistically significant.

The time between the onset of symptoms of DSRD and capture of neurodiagnostic abnormalities was also
assessed (Fig. 2). The timing of study obtainment with reference to symptom onset is provided in Supplement
A. The highest rate of abnormality capture was in the first six months from onset of symptoms (64% for serum
cytokines, 53% for EEG, and 59% for cerebrospinal fluid). Notably, neuroimaging abnormalities were lowest
in the first six months of symptom onset at just 13%. As demonstrated in Fig. 2, the likelihood of abnormality
capture for serum cytokines, EEG, and CSF declined dramatically after 24 months from symptom onset, whereas
the likelihood of neuroimaging abnormalities increased over time to a peak of 41% in individuals with > 36
months between symptom onset and study obtainment.
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Fig. 1. SWI signal abnormality in the basal ganglia of individuals with DSRD. Legend: white arrows
correspond to SWI signal abnormalities in the bilateral basal ganglia.

Catatonia BECRS =20 NPI-QSS > 10

p value [95%CI] | p value [95%CI] | p value [95%CI]
History of Autoimmune Disease ([)08373_ 1.87] ([)(‘)?;7_209] ([)06614_ 1.49]
C3 Abnormal ([)(5?614—2.34] ([)(.)?764—1.67] ([)(')?826—2411]
C4 Abnormal ([)64.151 1-1.69] ([)(.)1.153—1.88] ?6?3?9-1.91]
ANA Abnormal ([)(.)?354—2.36] ([)(.)%22—1.69] ([)6?53771455]
TPO Abnormal ([)(.f790—1.36] ([)6?737-2.01] ([)(54.1624—1.23]
Thyroglobulin Abnormal ([)6%38 1-1.77] ([)6?2971.34] ?(-)228—1‘54]
CRP Abnormal ([)(.)1.1;19—1.64] ([)(.)§673—2.97] ([)6(.)998—2.13]
ESR Abnormal ([)6%; 1-1.46] ([)6?732- 1.59] ([)6%:3- 1.11]
Ferritin Abnormal ([)(5§676—1.47] ([)6?3 1-1.34] ([)6%782-1.79]
Cytokines Abnormal ([)64.1329-2.47] ([)(fSI 1-3.49] ([)(.)%771—5‘69]
EEG Abnormal ([)(3?299—6.31] ([)6?270—6.66] ([)6%39572442]
MRI Abnormal ([)i(.)123-2.3s] ([)i(.);s—z.m] ([)(.)%819—1.87]
LP Abnormal ([)i(.);4—3.46] ([)i(.)g9-2.97] Fz(?'sgo-t;.sso]
MRI and LP Abnormal ([)i(.);7-3.9s] ([)i(.lszs-s.es] ([)i(.)423-3.07]
EEG, MR, and LP Abnormal ([)6(.)797-3.41] ([)(.)?663—2.01] ([)i(.)g9-3.06]

Table 3. Lab and neurodiagnostic abnormality associations with disease severity. Legend: Antinuclear
antibody (ANA), Bush-Francis Catatonia Rating Scale (BFCRS), complement (C), cerebrospinal fluid (CSF),
C-reactive protein (CRP), electroencephalogram (EEG), immunoglobulin G (IgG), lumbar puncture (LP),
magnetic resonance imaging (MRI), Neuropsychiatric Inventory Questionnaire Severity Score (NPI-QSS),
oligoclonal band (OCB), thyroid peroxidase. All values presented as p value [95% confidence interval]. Bolded
items indicate a p-value <0.05.
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Immunotherapy Immunotherapy

Responsiveness* When Feature | Responsiveness* When 0Odds

Present Feature Absent p Value | 95% CI Ratio
DSRD Ceriteria (probable v. possible) | 79/109 (72%) 39/55 (71%) 0.83 | 0.80-1.31 1.03
History of Autoimmune Disease 63/85 (74%) 55/79 (70%) 0.53 | 0.79-1.58 1.12
Catatonia Present 93/123 (75%) 26/41 (63%) 0.13 | 0.84-3.81 1.79
C3 Abnormal 39/48 (81%) 78/116 (67%) 0.07 | 0.93-4.80 2.11
C4 Abnormal 31/40 (78%) 86/124 (69%) 0.32 0.66-3.51 1.52
ANA Abnormal 29/48 (60%) 89/116 (77%) 0.04 |0.23-0.95 0.46
TPO Abnormal 39/56 (70%) 78/108 (72%) 0.73 | 0.43-1.79 0.88
Thyroglobulin Abnormal 32/46 (70%) 85/118 (72%) 0.75 | 0.42-1.87 0.89
CRP Abnormal 5/7 (71%) 113/157 (72%) 0.97 |0.18-5.20 0.97
ESR Abnormal 24/29 (83%) 93/135 (69%) 0.14 | 0.77-6.07 2.17
Ferritin Abnormal 22/27 (81%) 96/137 (70%) 023 |0.67-530 | 1.88
Cytokines Abnormal 46/54 (85%) 60/88 (68%) 0.03 |1.12-6.43 2.68
EEG Abnormal 38/49 (77%) 79/115 (69%) 025 |0.72-3.43 1.57
MRI Abnormal 47/53 (87%) 59/111 (62%) <0.001 |3.15-20.17 | 7.98
LP Abnormal 30/34 (88%) 88/130 (68%) 0.02 |1.18-10.82 | 3.58
MRI and LP Abnormal 20/21 (95%) 59/96 (61%) 0.01 1.75-105.1 | 13.56
EEG, MR, and LP Abnormal 15/16 (94%) 44/76 (58%) 0.02 | 1.37-86.87 | 10.91

Table 4. Lab and diagnostic abnormalities associated with immunotherapy responsiveness. Legend:
Antinuclear antibody (ANA), complement (C), cerebrospinal fluid (CSF), C-reactive protein (CRP),
electroencephalogram (EEG), immunoglobulin G (IgG), lumbar puncture (LP), magnetic resonance imaging
(MRI), oligoclonal band (OCB), thyroid peroxidase. *Immunotherapy responsiveness is defined as an
improvement greater than 50% on the Bush-Francis Catatonia Rating Scale or Neuropsychiatric Inventory
Questionnaire within three months of starting any immunotherapy (includes steroids, IVIg, rituximab,
mycophenolate mofetil, and/or tofacitinib).

A NPI-Q Total

A NPI-Q Total Score | Score Non- A BFCRS A BFCRS Non-

Immunotherapy Immunotherapy Immunotherapy | Inmunotherapy

Responsive Responsive p Value | 95% CI Responsive Responsive p Value | 95% CI
Cytokines Abnormal 21 (18-26) 10 (8-13) 0.01 1.36-2.54 | 12 (10-15) 10 (7-14) 0.35 |0.23-1.25
MRI Abnormal 22 (18-25) 16 (13-19) 0.04 1.09-1.62 | 14 (12-16) 7 (5-9) <0.001 | 1.98-3.65
LP Abnormal 23 (20-28) 9 (6-11) <0.001 |1.94-6.34 | 13 (10-15) 6 (3-10) 0.01 1.22-2.34
MRI and LP Abnormal | 24 (20-29) 12 (9-16) 0.01 1.29-2.99 | 15 (12-17) 7 (5-9) <0.001 | 1.64-2.97
EEG/MRI/LP Abnormal | 21 (18-23) 11 (9-15) 0.01 1.07-1.84 | 13 (9-15) 7 (5-10) 0.01 1.17-2.08
Median Change (All) 22 (18-24) 12 (8-15) <0.001 |1.07-2.30 | 13 (10-16) 7 (5-9) 0.01 1.09-2.07

Table 5. Maximum change (delta) in NPI-Q total score and BFCRS in immunotherapy responsive

versus non-responsive cases. Legend: Delta between baseline and lowest score on BFCRS or NPI-Q (A ),
electroencephalogram (EEG), lumbar puncture (LP), magnetic resonance imaging (MRI). Data presented as
median (IQR). Questionnaire within three months of starting any immunotherapy (includes steroids, IVIg,
rituximab, mycophenolate mofetil, and/or tofacitinib).

Discussion

In a large cohort of individuals with DSRD, elevated rates of abnormalities in serum cytokines, neuroimaging,
and CSF were identified. In individuals with these diagnostic abnormalities, a more severe disease phenotype
and an elevated rate of responsiveness to immunotherapy was observed. These diagnostic biomarkers, when
found alone or in combination, can help justify the use of early immune treatments in individuals with DSRD.
This data builds on existing work in smaller and more heterogeneous cohorts® and has the potential to create a
basis for biomarkers of disease activity in persons with DSRD.

Inflammation in individuals with DS is well-established and has been linked to the triplication of genes on
chromosome 21—particularly several interferon receptor genes!*~!8. Although not consistently thought of as an
inflammatory disease, many of the co-morbid autoimmune and rheumatoid disorders that individuals with DS
experience' ! have recently been linked to overactive interferon responses and T-cell dysregulation!*16:18:20-22,
This is manifested in clinical observations across a variety of pathologies and organ systems?>~%°. Both interferon
overactivity and T-cell dysregulation could have an effect in the central nervous system (CNS) and might explain
some of the biomarkers observed in this study and patients’ responses to immunotherapy. While further research

Scientific Reports|  (2024) 14:30865 | https://doi.org/10.1038/s41598-024-81819-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

70
% \
3 60
=)
&
o 50
<
z
o 40
z
o
< A
=
£ 20
w
@]
o
w 10
0 < 6 Months 6-12 Months 12-24 Months 24-36 Months > 36 Months
—&— Serum Cytokine 64 29 24 14 11
EEG 53 30 31 29 24
MRI 13 23 35 41 41
CSF 59 47 15 6 2

TIME OF EVALUATION COMPARED TO SYMPTOM ONSET

Fig. 2. Likelihood of lab or neurodiagnostic study capture at various time points after symptom onset.

into the role of immune dysregulation in the CNS in individuals with DSRD is necessary, this data is supported
by a large evidence base of systemic immune dysregulation in persons with DS.

One of the most significant findings from this study is that multiple diagnostic biomarkers are predictive of
both disease severity and immunotherapy responsiveness in individuals with DSRD. While this has been reported
previously, prior studies were in a much smaller and more heterogenous cohort of which not all individuals
had comprehensive testing®. When multiple diagnostic biomarkers were abnormal, the rates of greater disease
severity at baseline, overall rates of response to immunotherapy and degree of response to immunotherapy on
the NPI-Q and BFCRS were increased, which potentially indicates more severe inflammatory disease in this
sub-population. Notably, the combination of both neuroimaging and CSF abnormalities yielded a greater than
13-fold increased likelihood of response to immunotherapy. That said, a significant amount of this increased
likelihood of response is driven by neuroimaging abnormalities, which may be the more specific study to predict
response. As such, these results may provide clinicians with the necessary data to warrant the use of early
immunotherapy in individuals with these patterns in diagnostic studies.

Conversely, multiple diagnostic studies were found to have no bearing on disease severity or therapeutic
response in individuals with DSRD and included ANA, TPO antibodies, thyroglobulin antibodies, CRP,
ESR, ferritin, and EEG. These tests are obtained during the standardized work up of DSRD although may be
of limited clinical significance beyond ruling out mimics of the disease. Some labs, such as ANA, TPO, and
thyroglobulin antibodies may be elevated indiscriminately in individuals with DS!42330:31 and thus are not
predictive of pathology in DSRD. Other labs such as CRP, ESR and ferritin are considered acute phase reactants
and thus may not be continually elevated in individuals with DSRD across the disease course. Finally, EEG has
previously been a weak marker of DSRD pathology, and while a non-invasive biomarker of disease, the high
rates of EEG abnormalities in individuals with DSWR make determination of an abnormal study in an individual
with DSRD challenging®. In addition, while serum cytokines were dysregulated and were weakly predictive of
immunotherapy responsiveness, these were not consistent with any particular interferon-mediated cascade. As
such, this pro-inflammatory milieu may point less towards interferon signaling abnormalities as the primary
etiology of DSRD. While exciting from an intervention standpoint, the diagnostic patterns reported are neither
sensitive nor specific for DSRD, and a singular predictive testing abnormality to diagnose or treat DSRD has not
yet been identified.

Finally, a temporal correlation between the presence or absence of diagnostic abnormalities in individuals
with DSRD was also observed in this study. In general, serum and CSF changes were more likely to be
present early after symptom onset, however, neuroimaging studies were more likely to be abnormal several
months later. These findings, particularly for cytokine, EEG and CSF abnormalities, may indicate a transient
“active” process in individuals with DSRD early in the disease course. This has been observed in other
neuroinflammatory disorders previously, particularly with the presence of biomarkers, antibodies*>*?, and EEG
findings®*¥. Interestingly, neuroimaging was more likely to be abnormal with time, particularly with regards
to abnormalities on SWI. This finding is notable in that the presumed etiology of SWI signal abnormality is
interferon-driven, akin to individuals with Aicardi Goutiéres syndrome®®%, another type 1 interferonopathy.
In these cases, increased interferon receptor gene expression may lead to chronic over-activation of interferon
pathways, which may increase the likelihood of an “interferon signature” on neuroimaging. Overall, these data
highlight the importance of early collection of diagnostic testing that could predict subsequent immunotherapy
responsiveness in individuals with DSRD.
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Research on DSRD has been rapidly expanding over the last half decade, with considerable resources actively
invested in the search for sensitive and specific serum, neurodiagnostic, and CSF biomarkers. An important
observation from this data is that the diagnostic signatures reported in DSRD are consistent with an inflammatory
process in some individuals. This has been observed in other interferonopathies*®>° and neuroimmunologic
conditions*®*!. Specifically, serum biomarkers of inflammation such as complement, cytokines, erythrocyte
sedimentation rate, and ferritin frequently paired with neuroimaging biomarkers consistent with interferon
dysregulation (SWI signal on MRI) and CSF biomarkers of inflammation, all of which were predictive of
immunotherapy responsiveness. When multiple diagnostic biomarkers were abnormal, the rates of response to
immunotherapy rose further, potentially indicating more severe inflammatory disease in this sub-population.
While this study demonstrates inflammatory patterns across multiple diagnostic modalities, a singular predictive
testing abnormality to diagnose and treat DSRD has not been identified.

DSRD remainsacomplex condition and this studyis not withoutlimitations. Firstly, this study was retrospective.
Selection and severity bias is present in the exclusion of patients who did not undergo neurodiagnostic work up
for their clinical symptoms. This is further compounded by the fact that clinical investigations were performed
at tertiary academic medical centers which also increases the potential for severity bias. Investigators involved in
this study were early adopters of immunotherapy in persons with DSRD, and thus both a referral and selection
bias in favor of use of immunotherapeutic use may be present. Similarly, as the primary centers involved in
this study do not offer electroconvulsive therapy (ECT), there were no patients in this cohort who had received
this therapy during the study period. Given that prior studies by this study group have showed a high rate
of response to this therapeutic intervention®, future studies will need to include centers where these patients
are followed and treated. Severity bias could also decrease the likelihood of response to any therapy. Although
this study demonstrates that neuroimaging is predictive of response to immunotherapy and is advised early
in the clinical presentation, it is important to note that these studies are more likely to be abnormal as time
with symptoms increases which is different than other neurodiagnostic studies. Further, defining a response to
immunotherapy as improvement of greater than 50% on the BFCRS and NPI-Q skews clinical improvements
to catatonia (movement abnormalities) and neuropsychiatric symptoms as opposed to cognitive and functional
improvements. As such some patients may have improved outside of these domains and may have not been
captured using these objective metrics. In addition, testing for immune biomarkers in individuals in the DSWR
cohort was clinical and may have increased the likelihood of detection in this group as clinical studies would have
been ordered for diagnostic evaluation (presumably inflammatory or autoimmune disease). Similarly, EEG and
LP results in individuals with DSwR were excluded from analysis due to high pre-test probability of abnormality.
In sampling 100 EEGs of individuals with DS referred for any reason, 76% were abnormal. The most common
reasons for referral were observed seizure(s) (n="70, 70%) and seizure-like event (1 =23, 23%). In sampling 50
lumbar punctures of individuals with DS, 77% of studies were abnormal with the most common indications
being concern for meningitis (n=39, 78%) and refractor status epilepticus (n=6, 12%). The important need
for true DSwR EEG and LP data is not unrealized by the study team and this research is underway at this
time. An important finding in this data is that nearly all individuals treated with immunotherapy received
IVIg which has very broad mechanisms of action ranging from B-cell to T-cell mediated function®?. This is
critically important to consider as the less specific mechanisms of action may allow for both greater rates of
immunotherapy responsiveness and may alter sensitivity and specificity of the diagnostics assessed in this study.
Uniform therapeutic algorithms do not exist for DSRD at this time although the development of standardized
approaches to the management of DSRD may also improve the ability to prospectively determine long-term
responses to the treatments detailed in this study. As this study relied on physician discretion for selection of
therapies, this could have impacted the study findings, as noted above. Finally, the authors note that given the
rare nature of DSRD, small study populations limit the generalizability of these findings, and clinicians must
evaluate each case individually.

Conclusions

In a sizable population of individuals diagnosed with DSRD and undergoing extensive laboratory and
neurodiagnostic evaluations, a notable prevalence of abnormalities was observed. Marked deviations in serum
cytokine levels, neuroimaging findings, and CSF analysis emerged as indicators predictive of disease severity
and responsiveness to immunotherapy. These findings may serve as valuable biomarkers guiding the selection of
subsequent therapeutic interventions for this complex condition. Notably, the heightened likelihood of detecting
abnormalities within the initial six months following symptom onset underscores the critical importance of
prompt recognition and thorough investigation in managing DSRD effectively. Early identification not only
facilitates timely intervention but also offers invaluable insights for comprehensive study and understanding of
this debilitating disorder. A larger, prospective, study is warranted in this unique population.

Methods

IRB and data availability

This study was approved by the Children’s Hospital Los Angeles Human Subjects Protection Program and
Institutional Review Board (IRB). Given the retrospective nature, assent and consent were waived by the
Children’s Hospital Los Angeles IRB. All methods were performed in accordance with the relevant guidelines
and regulations. The datasets used and analyzed during the current study available from the corresponding
author on reasonable request from qualified investigators with IRB approval.
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Participants and study design
Allindividuals evaluated in the DS neurology clinic at Children’s Hospital Los Angeles between July 1st, 2019, and
December 31st, 2023, were eligible for this study. Inclusion criteria for the DSRD cohort included age between 10
and 30 years at the time of symptom onset, diagnosis of either possible or probable DSRD per expert consensus
guidelines®®, and completion of clinical neurodiagnostic studies (electroencephalogram (EEG), magnetic
resonance imaging (MRI) of the brain, and lumbar puncture (LP)). Confirmation of diagnosis was performed
by an arbiter with clinical experience in evaluating individuals with DSRD and with no knowledge of the case
(MK). Exclusion criteria which included, age < 10 or > 30 years at the time of symptom onset, active cardiac or
pulmonary disease, frequent infections (defined as more than two infections requiring antibiotics or antivirals
per year), a history of neoplasia or receipt of chemotherapy, structural brain malformation on neuroimaging,
active or a history of epilepsy (excluding febrile seizure), current use of electroconvulsive therapy and use of any
immunotherapy not related to DSRD. Individuals with DSRD were excluded if they had been on any steroid
or other immunotherapy within three months of baseline assessment. Individuals with co-morbid diagnosis of
ASD were not excluded although they were all required to meet consensus criteria for DSRD, were diagnosed at
an age less than eight years and were diagnosed at minimum three years prior to the symptom onset of DSRD, to
avoid clinical overlap. All individuals with DSRD had to have serum blood work, EEG, MRI and LP performed.

A cohort of individuals with DS without regression (DSwR) were also reviewed for comparison. Inclusion
criteria for the DSwR included age between 10 and 30 years at the time of lab or neurodiagnostic investigations.
Individuals in the comparator cohort could not meet possible or probable criteria for DSRD nor could they have
any diagnosed neoplastic, immunologic or rheumatologic condition. The study only included individuals in the
DSwR cohort with labs obtained before January 1st, 2022, to avoid the possibility of including an individual who
could subsequently go on to develop DSRD. Individuals could have had lab obtainment for any purpose.

Demographic data, medical history, and results of clinical and diagnostic investigations were collected
through clinical documentation. A board certified neuroradiologist independently reviewed radiographic data.
Individuals in the DSWR group had blood work and MRI for clinical purposes which was used for comparison.
As individuals undergoing EEG or LP would be biased towards having diagnostic abnormalities (e.g., EEG being
performed for a seizure disorder), these studies were not included for comparison.

Definitions of Abnormal Neurodiagnostics:

1. EEG: Focal or generalized slowing, focal epileptiform discharges out of any cortex, or seizure were consid-
ered abnormal. Generalized discharges were considered abnormal although inconsistent with the diagnosis
of DSRD. All patients had to have at least one prior EEG prior to the onset of DSRD symptoms that did not
demonstrate these results.

2. MRI: All MRIs required to be performed on a 3 Tesla (T) scanner with and without contrast administration.
Any abnormality beyond a structural malformation (e.g., Chiari malformation) was considered abnormal.
Patients did not require a prior “normal” MRI.

3. LP: Abnormalities were defined as having any of the following: white blood cell (WBC) count> 5 cells/mm3,
total protein > 60 mg/dL, presence of oligoclonal bands, an immunoglobulin G (IgG) index of > 0.66, and/or
an elevated neopterin (>33 nmol/mL). Samples with over 1,000 red blood cells (RBC) were excluded from
analysis. Patients did not require a prior “normal” LP.

Evaluations, clinical definitions and definition of therapeutic response

Individuals with DSRD received clinical evaluation and bloodwork at their initial visit. At this visit and all
subsequent visits (every three months), individuals had a comprehensive 7-point neurologic examination, Bush-
Francis Catatonia Rating Scale (BFCRS) and Neuropsychiatric Inventory Questionnaire (NPI-Q) performed.
The BFCRS and NPI-Q were clinician administered. Neuroimaging and LP had to be performed within three
months of the initial clinical evaluation and blood work for use.

Catatonia was defined as having at defined per the Diagnostic and Statistical Manual of Mental Disorders,
fifth edition (DSM-5) and required a minimum BFCRS score of three**. Severe disease was defined as having a
BFCRS > 20 and/or a NPI-Q severity score (NPI-QSS) > 10.

All individuals in this study were treated at the discretion of the site physician. There were no uniform
inclusion or exclusion criteria for individuals to receive immunotherapy although all individuals required a
confirmed diagnosis of either possible or probable DSRD. Immunotherapy used to manage individuals with
DSRD in this study included steroids, intravenous immunoglobulin (IVIg), mycophenolate mofetil, rituximab,
or tofacitinib. A therapeutic response was defined as a>50% improvement on either the BFCRS or NPI-Q on a
subsequent evaluation compared to baseline. A therapeutic response to a particular regimen could only be made
when no other therapy was used during the three-month period of evaluation.

Statistical analysis

Demographics, disease biometrics, and baseline clinical features were compared between patients with and
without neurologic relapse using chi-square (x2) or Fisher’s exact tests for categorical variables, and t-test for
continuous variables. The delta BFCRS and NPI-Q total scores were generated by subtracting the lowest BECRS
and NPI-Q total score during the study period from the baseline score for each individual. To account for
the influence of independent variables (demographics, disease biometrics, and baseline clinical features) on
laboratory and neurodiagnostic biomarker positivity, a univariate logistic regression was used to model the
association variables. Factors which differed significantly were entered into a separate multivariable logistic
regression model. All analyses conducted used Stata/MP version-17.0 (StataCorp. 2021. College Station, TX:
StataCorp LLC.).
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Data availability
The datasets used and analyzed during the current study available from the corresponding author on reasonable
request from qualified investigators with IRB approval.
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