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Dear Professor Espinosa, 
 
I apologise for the delay in returning this decision to you. Thank you for your patience. 
 
Your Article, "Interferon receptor gene dosage determines diverse hallmarks of Down syndrome" has 
now been seen by 4 referees (please note that Reviewers #3 and #4 reviewed together and uploaded 
the same report). You will see from their comments below that while they find your work of interest, 
some important points are raised. We are interested in the possibility of publishing your study in 
Nature Genetics, but would like to consider your response to these concerns in the form of a revised 
manuscript before we make a final decision on publication. 
 
To guide the scope of the revisions, the editors discuss the referee reports in detail within the team, 
including with the chief editor, with a view to identifying key priorities that should be addressed in 
revision and sometimes overruling referee requests that are deemed beyond the scope of the current 
study. You'll see that the Reviewers have commented on the potential value of the mouse model you 
have generated, and many of their comments are designed to derive more mechanistic 
characterisation of said model. We agree that this would significantly boost the impact of the work so 
please pay careful consideration to these remarks. We would also ask that you address all the other 
comments, ideally experimentally where possible, or textually where necessary. 
 
Please do not hesitate to get in touch if you would like to discuss these issues further. 
 
We therefore invite you to revise your manuscript taking into account all reviewer and editor 
comments. Please highlight all changes in the manuscript text file. At this stage we will need you to 
upload a copy of the manuscript in MS Word .docx or similar editable format. 
 
We are committed to providing a fair and constructive peer-review process. Do not hesitate to contact 
us if there are specific requests from the reviewers that you believe are technically impossible or 
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unlikely to yield a meaningful outcome. 
 
When revising your manuscript: 
 
*1) Include a “Response to referees” document detailing, point-by-point, how you addressed each 
referee comment. If no action was taken to address a point, you must provide a compelling argument. 
This response will be sent back to the referees along with the revised manuscript. 
 
*2) If you have not done so already please begin to revise your manuscript so that it conforms to our 
Article format instructions, available 
<a href="http://www.nature.com/ng/authors/article_types/index.html">here</a>. 
Refer also to any guidelines provided in this letter. 
 
*3) Include a revised version of any required Reporting Summary: 
https://www.nature.com/documents/nr-reporting-summary.pdf 
It will be available to referees (and, potentially, statisticians) to aid in their evaluation if the 
manuscript goes back for peer review. 
A revised checklist is essential for re-review of the paper. 
 
Please be aware of our <a href="https://www.nature.com/nature-research/editorial-policies/image-
integrity">guidelines on digital image standards.</a> 
 
Please use the link below to submit your revised manuscript and related files: 
 
[redacted]  
 
<strong>Note:</strong> This URL links to your confidential home page and associated information 
about manuscripts you may have submitted, or that you are reviewing for us. If you wish to forward 
this email to co-authors, please delete the link to your homepage. 
 
We are pleased to offer you a flexible timeframe for your revisions, providing that the novelty of the 
work is not compromised by other published studies in the meantime. 
 
Please do not hesitate to contact me if you have any questions or would like to discuss these revisions 
further. 
 
Nature Genetics is committed to improving transparency in authorship. As part of our efforts in this 
direction, we are now requesting that all authors identified as ‘corresponding author’ on published 
papers create and link their Open Researcher and Contributor Identifier (ORCID) with their account on 
the Manuscript Tracking System (MTS), prior to acceptance. ORCID helps the scientific community 
achieve unambiguous attribution of all scholarly contributions. You can create and link your ORCID 
from the home page of the MTS by clicking on ‘Modify my Springer Nature account’. For more 
information please visit please visit <a 
href="http://www.springernature.com/orcid">www.springernature.com/orcid</a>. 
 
We look forward to seeing the revised manuscript and thank you for the opportunity to review your 
work. 
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Sincerely, 
 
Safia Danovi 
Editor 
Nature Genetics 
 
 
 
Referee expertise: 
 
Referee #1: immunogenomics incl. DS 
 
Referee #2: gene dosage 
 
Referee #3: DS genetics 
 
Reviewer #4: reviewed with Reviewer #3 
 
 
Reviewers' Comments: 
 
Reviewer #1: 
Remarks to the Author: 
Waugh and colleagues evaluated the impact of interferon receptor gene dosage on various phenotypes 
of individuals with DS through use of a whole blood transcriptome analysis and a mouse model with 
segmental duplication. The authors showed the rescue of some Down syndrome phenotypes with 
normalization of IFNAR1, IFNAR2, IFNGR2, IL10RB region. While hyperresponsiveness to PolyI:C is 
perhaps not unexpected given it’s potent induction of IFN-I, the rescue observed in the hearts of 
mouse embryos has a very nice novelty. This study thus could be an important in defining the role of 
aberrant IFN signaling in T21. This could imply IFN as important in organ and cognition development. 
 
Major Points 
 
1. The findings reflecting the rescue of number of the heart defects are of the biggest potential 
impact. Authors cite clinical overlap of individuals with DS to those Type I IFNopathies (patients with 
AGS and others), however patients with Type I IFNopathies do not present with developmental heart 
signs or symptoms. Additionally, patients with STAT1 GOF which affects all four receptors triplicated in 
DS, Type I (both IFNAR and IFNLR) and type II IFNs (via IFNGR) also do not have developmental 
heart issues. Thus at least in other conditions activity of these four 4 genes is not stufficient for heart 
development problems to arise. Furthermore other 37 genes (not containing the 4 IFNR genes) are 
sufficient to cause increase in CHD as pointed out by the authors (In extended data Fig 7). But science 
is surprising, and if phenotype rescue is taken at face value, authors should perform significantly more 
characterization. Only a single time point and one RNAseq experiment (Figure 3E-J) is all data 
presented to make the case of 4 gene influence on the heart development. 
 
2. I want to extent gratitude for the mouse model that was created in this paper. It will serve many of 
us in the future. However, the authors state that they knockout a 192 kb genomic segment on MMU16 
encoding all four Ifnrs. For the point to be made that it’s only the function of the 4 genes, these 4 
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genes only need to be knocked out, and not 192 kb genomic segment. Perhaps tempering language 
that this segment is suffieicnt, and that maybe it IFN genes and maybe other factors is a better 
qualifying language to be used. In this 192kb segment, there are many noncoding RNAs ( LnRNAs and 
miRNAs), which can all be important for development. Alternatively authors can attempt 
pharmacological rescue of the model via inhibition of 4 gene functions with anti IFN receptor 
antibodies, although this might be difficult in the developing embryo. 
 
3. For Figure 3. G-J, the statistics between the WT, Dp16 and Dp162XIFNR mice is at best dynamic, 
and at times is only trending and not agreeing. Probably could be rectified by having more than a 
single experiment. 
 
 
4. The authors mention a few differences in mice between males and females. For example, only Dp16 
males had impairment of relearning in the MWM. Given that Down syndrome affects males and 
females at an equal frequency, can the authors provide a reason to why there are sex differences in 
mice? 
 
5. Craniofacial abnormalities and the validation of craniofacial landmarks by two individuals who were 
blinded to the different genotypes is a great approach. Phenotype rescue when removing the 192 kb 
genomic segment is clear, but what is on this segment that is causing it is unclear. 
 
6. The differences in cognitive deficits appear to be extremely mild. Associative learning appears more 
affected, while there is very little if no rescue in spatial learning. Any speculation as to why? Again, 
greater differences are noted in males than females in reversal phase (Figure 4C). Any speculation as 
to why? 
 
 
 
Reviewer #2: 
Remarks to the Author: 
The study by Waugh et al. investigates the mechanism of interferon pathway hyperactivity in Downs 
syndrome (TS21). The same lab has shown earlier that TS21 cells are hypersensitive to Interferon 
stimulation. The authors now expand on this firstly by performing a comprehensive transcriptome and 
plasma marker analysis on whole blood of TS21 patients with matched controls. Integrated data 
analysis reveals a strong association of elevated expression of Interferon Receptors (notably located 
on chromosome 21) with the DS signature and related activated pathways. These effects appear more 
directly connected to Interferon genes compared to other triplicated genes in DS. The authors then 
present a new mouse model of TS21, where they have deleted the Interferon-gene cluster and 
thereby rescue the elevated dosage caused by TS21. This mouse model is carefully characterized with 
regards to several phenotypic manifestations of DS patients. Restoration of IFNR gene dosage rescues 
from a malfunctioning immune system. It rescues embryonic heart defects. It ameliorates some of the 
cognitive features and craniofacial defects observed in TS21 and the DP16 model. Hence, several of 
the key physiological features of DS seem to be directly related to the INF-receptor dosage. 
 
I really enjoyed reading this manuscript. The writing is excellent and I felt the interpretation of the 
data is balanced. The experiments, analyses and mouse model data are carefully 
performed/analyzed/characterized (e.g. a whole genome sequencing of the mouse model is provided 
and usually several approaches are presented before reaching a conclusion). The supplementary 
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information and raw data (GEO) are complete and informative. The human dataset on its own will be a 
valuable resource for the field. Overall, I think the results are of high relevance, since they link a “pro-
inflammatory” phenotype caused by increased gene dosage of the IFNR to multiple phenotypic 
(systemic) alterations (which perhaps one could simplistically assume are caused by the increased 
gene dosage of several individual genes on chr21 mattering for a given phenotype/organ but not 
another). 
 
I only have one major point, which I think the authors (given their strong transcriptome analysis in 
Figure 1 and Figure 3) can easily address: I missed some transcriptome characterizations of the 
mouse model beyond the heart (e.g. the brain relating to the cognitive experiments, perhaps the 
neural crest for the facial features or some immune cell type related to experiments presented in 
Figure 2). I think this would nicely make a point in that several tissues, organs and phenotypes – 
despite their very different developmental trajectories/origins – may be affected by the increased gene 
dosage in DP16 and accordingly the rescue in DP16-2xIFNR. This may also help to understand why 
certain features are completely restored, while others (e.g. cognitive) are only ameliorated, but do not 
fully rebalanced to WT. 
 
Such datasets would also clarify the expression of DP16-2xIFNR in the different tissues compared to 
WT (two alleles on the two parental alleles). It is possible that because the two doses of the receptor 
are expressed in a slightly different way than in WT (excellent scheme in Extended Data Fig. 2e), the 
levels might not be exactly balanced (although the qPCR in Fig. 2b and the FACS in 2c would suggest 
this is the case). I would suggest that the authors provide a compiled qPCR and FACS, if possible, for 
all representative organs / cell-types studied (white blood cells, heart, brain, craniofacial (e.g. neural 
crest?)). 
 
Minor Points: 
The authors chose a q-value of 0.1 for their differential expression analysis. This seems fairly high in 
my view, as typically 0.05 or even 0.01 is chosen. Could the authors perhaps comment in methods of 
why this threshold was chosen and how many DE genes would be recovered at FDR of 0.05? 
 
The methods paragraph for the Gene Set Enrichment Analysis and Spearman Correlation is relatively 
short and refers to packages and previously published information. Could the authors expand this in 
order to better explain the analysis for a non-expert? 
The authors should double check the references for Figures in their text. E.g. on page 5 (“… rho values 
by GSEA (see Methods, Extended Data Fig. 1b)”) I think this refers to Extended Data Fig. 1c and 
following. 
 
Could the authors provide a supplementary list which other 120 genes are triplicated in the Dp16 
mouse model? 
 
Do the authors have an explanation why the RFI of STAT1 in the stimulated condition for DP162xIFNR 
is lower than in WT (Extended Data Fig. 3f)? 
 
Page 9 “… versus Dp16 transcriptomes revealed significant normalization of the gene signatures 
dysregulated in Dp16”. I am not sure what the authors mean with “normalization”, most likely 
because this a technical term referred to RNA-seq normalization. Perhaps the authors can rephrase 
this slightly? 
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Fig 3f: Can the authors, instead of the pathways, provide a simple heatmap of the 73 DEGs on the 
triplicated segment and how they change in the three conditions / genotypes analyzed? Is expression 
of other genes on DP16 (e.g. DYRK1A) restored by rebalancing IFNR to 2x? I would also like to see a 
heatmap of all 120 triplicated genes and their expression in the three conditions. Can they also 
provide a heatmap of the remaining DEGs (not on the triplicated segment)? Furthermore, can the 
volcano plot (3e) be provided for all comparisons (DP16/WT, DP162x/WT, DP162x/DP16) and the 
overlaps between this dataset (e.g. upset plot) be shown? I understand that some of these 
informations can be retrieved from the Supplementary Lists, but I feel these comparisons are key to 
the findings and should be provided as a Main Figure. 
 
Since this a standard RNA-seq performed from mice, I would recommend choosing a FDR of 0.05. 
 
Fig. 4a – Hard to distinguish the size of the square symbol that indicates the –log10q 
 
Fig. 4e – is the comparison between DP16 and DP16-2xIFNR statistically significant? 
 
The paragraph explaining the results of the crandiofacial anomalies is a bit hard to understand for a 
non-specialist. Perhaps this paragraph can be rewritten for a more general audience, while the details 
can be provided in a supplementary note? 
 
Earlier work has provided crucial roles for DYRK1A dosage in Trisomy21, especially with regards to the 
neurological and cognitive features of the disease. Perhaps in the nervous system, IFNR together with 
DYRK1A dosage are the key drivers for the DS phenotype? I noticed that in the heart RNA-seq, Dyrk1a 
expression was restored by deleting the third copy of Interferon receptors. Maybe this is not the case 
in the brain? I would encourage the authors to expand the results and discussion in that regard. 
p.15 / L7 – “… provides much needed mechanistic insight about the …” – I would remove the word 
“mechanistic” here, because at the mechanistic / molecular level the link between IFNR and the 
craniofacial features still remains unclear. 
 
Extended Data Fig 1a: The authors measured two inflammatory markers from plasma (CRP and IL-6). 
The scheme (and also one passage in the text stating “proteome”) gives the impression many markers 
were tested. I would suggest adjusting the scheme and just write CRP/IL-6. 
 
Extended Data Fig 1c: Too small font / labels. 
 
 
 
Reviewer #3: 
Remarks to the Author: 
I read this manuscript with much interest because it addresses an important question in Down 
syndrome research, with biological and translational implications. Several prior studies, including from 
this group, have reported that individuals with Down syndrome have elevated inflammation and 
immune dysregulation, co-occurring with dysregulation of interferon-related genes. Since many things 
can influence these complex bodily systems, one could not assume that these effects are due to the 
presence of four interferon receptor genes on Chr21. Nonetheless, this is a compelling hypothesis, 
which Waugh et al. have now tested in a comprehensive study in a mouse model of Down syndrome. 
The heart of the study is the deletion of a cluster of four IFN receptor genes from a previously studied 
mouse model, Dp16, which carries a segmental duplication of ~120 genes orthologous to human 
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Chr21. While the study begins with pathway and cytokine analysis in human blood samples, the novel 
and impressive main part of the study is the engineering and analysis of trisomic mice corrected for 
triplication of the IFN receptor genes. The authors deleted a ~192kb segment containing the four 
interferon receptor genes in a WT mouse, then interbred these with the trisomic DP16 mouse, thereby 
correcting dosage for just those genes. They then assess and report that correcting IFN receptor gene 
dosage essentially prevents several major phenotypes of the DS mouse, some of which are 
remarkable and surprising. 
 
The implications of these findings for humans remains to be directly established, but is plausible, and 
the findings in this DS mouse model alone are of high impact and significance. Overall this study 
appears to be comprehensive, well-done, and well-presented, although I have some significant 
comments or questions that should be addressed. 
 
1. The first section analyzing the human blood transcriptome and cytokines is a reasonable addition; it 
is not novel nor strongly compelling, but provides context likely intended to strengthen the connection 
to human DS. The data serves to reinforce that inflammatory signatures are prevalent in human DS, 
although I didn’t find the argument so compelling that the inflammatory pathways impacted correlate 
with the IFNR expression rather than other Chr21 genes. (ITSN1 seemed perhaps the strongest 
correlation.) It is also a bit counter-intuitive how one could discriminate this point clearly, given that 
expression of most Chr21 genes would, a priori, be elevated in concert due to trisomy. The authors 
emphasize the stronger correlation of IFNR mRNAs with inflammatory pathways in contrast to 
DYRK1A, a Chr21 gene which many studies report are connected to numerous phenotypes of DS. (It 
wasn’t clear to me how the use of whole blood RNAseq here would complicate such comparisons.) It 
seems notable that seven of the top ten GSEA gene sets involve IFN signaling and inflammation, 
although it would be good for authors to indicate how many gene sets in blood could be considered 
related to IFNs and inflammation. Also, does triplication of six IFN-response genes (including MX1 and 
MX2) itself make it more likely that these pathways are near the top of the list? Or were the chr21 
genes removed from the pathway analysis? 
 
2. What is most impressive is the creation of and results from the mouse model with normalized copy 
number for Interferon receptor gene cluster, which they report prevents several major DS-related 
hallmarks in Dp16 mice. In this context, it is important that the comparison of WT, Dp16, 
Dp162xIFNRs mice, for all these assays, was done between mice/embryos for which there is 
essentially no difference in genetic backgrounds. In reading the methods, I surmise that this is the 
case, and that the comparisons were done between littermates with different genotypes, not pups for 
different litters….and not with differences in genetic backgrounds. This is important to the whole 
study, and assuming my reading is correct, the comparison of mice from the same litter and 
background should be briefly highlighted in the text. (Should there be any caveats to this, or 
complicating factors, this should be acknowledged and important to address in revision.) 
 
3. In order to make the mice, the authors first deleted one copy of the IFNR gene cluster from WT 
mice…..thereby creating mice monosomic for the IFNR genes….but there is no mention of anything 
about these monosomic mice. Their diagram indicates monosomic mice would represent 25% of F1 
pups…..so were these mice noticeably impacted in any way? This is interesting in general, but also has 
some relevance to the dosage sensitivity of IFNR genes….so there should be at least some brief 
summary about this. Do the authors think that monosomy for IFNR genes is more benign than trisomy 
for these genes? 
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4. The evidence that the IFNR correction prevents the heart defects is particularly striking…..even in 
embryos in which I would assume there are not immune insults? I was pleased to see that the 
analysis of embryos was done blind to their genotypes. However, a significant question comes up in 
Figure 3F. In transcriptomic analysis of E15.5 heart tissues, why are the differences in DP16/WT 
comparisons almost the same as in Dp162xIFNRs/WT comparisons? The IFNR-corrected Dp16 mice 
transcriptomes should be more similar to WT if so much is driven by the IFNR genes, but these results 
suggest that very similar pathways are dysregulated by other mechanisms independent of trisomy for 
the IFNR cluster. I understand that the Dp16 versus Dp162xIFNRs comparison shows some difference, 
but it is surprising and important that this data shows that mice with normalized IFNR gene dosage 
still have dysregulation of the key pathways that include: IFN alpha response, IFN gamma response, 
inflammatory response, IL6 Jak Stat3 signaling, IL2 Jak Stat2 signaling. These pathways seem central 
to this paper, but this point is not discussed. Is it a discrepancy that warrants substantial softening of 
the impression that inflammation is driven by or mostly by the IFNR gene cluster, or how do the 
authors explain it? 
 
5. The evidence for correction or mitigation of “cognitive” deficits and craniofacial changes are both 
surprising, with important implications. Analysis of memory and learning deficits in mice can be tricky 
or potentially subjective, so I was pleased to see this analysis was also done blind, perhaps worth a 
mention in the text. While not required here, it is generally the case that it is good to have 
independent analysis and corroboration from an independent lab….which I assume will come in the 
future. If any of these findings are difficult to interpret, it would be fine to acknowledge any limitations 
in Discussion. 
 
 
6. It is understandable that the emphasis is placed on phenotypes that have been ameliorated, but the 
authors should comment somewhat more about any phenotypes not mitigated by reducing IFNRs to 
disomy….this of interest too. For example, Fig 2e does not show significant difference in weight loss 
between Dp16 and Dp162xIFNRs on exposure to viral mimetic. Similarly in Figure 3h-j, there isn’t a 
significant difference between the Dp162xIFNRs , DP16 and WT mice. Is reducing IFNR dosage 
sufficient to maintain homeostasis in pathways regulating interferon alpha response, oxidative 
phosphorylation and Myc targets. Finally, it is noted that motor co-ordination in Dp162xIFNRs and 
DP16 mice do not show much rescue. Please comment on other readily apparent phenotypes if 
present in Dp16, such as effects on longevity or size. 
 
 
 
Minor comments: 
1. Figure 1c in legend is mislabeled as “b” 
2. Extended data figure 1e: There seems to be a red triangle on the figure above IFNAR1 gene which 
hasn’t been explained in the legend. What does it imply for? 
 
 
 
Reviewer #4: 
Remarks to the Author: 
I read this manuscript with much interest because it addresses an important question in Down 
syndrome research, with biological and translational implications. Several prior studies, including from 
this group, have reported that individuals with Down syndrome have elevated inflammation and 
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immune dysregulation, co-occurring with dysregulation of interferon-related genes. Since many things 
can influence these complex bodily systems, one could not assume that these effects are due to the 
presence of four interferon receptor genes on Chr21. Nonetheless, this is a compelling hypothesis, 
which Waugh et al. have now tested in a comprehensive study in a mouse model of Down syndrome. 
The heart of the study is the deletion of a cluster of four IFN receptor genes from a previously studied 
mouse model, Dp16, which carries a segmental duplication of ~120 genes orthologous to human 
Chr21. While the study begins with pathway and cytokine analysis in human blood samples, the novel 
and impressive main part of the study is the engineering and analysis of trisomic mice corrected for 
triplication of the IFN receptor genes. The authors deleted a ~192kb segment containing the four 
interferon receptor genes in a WT mouse, then interbred these with the trisomic DP16 mouse, thereby 
correcting dosage for just those genes. They then assess and report that correcting IFN receptor gene 
dosage essentially prevents several major phenotypes of the DS mouse, some of which are 
remarkable and surprising. 
 
The implications of these findings for humans remains to be directly established, but is plausible, and 
the findings in this DS mouse model alone are of high impact and significance. Overall this study 
appears to be comprehensive, well-done, and well-presented, although I have some significant 
comments or questions that should be addressed. 
 
1. The first section analyzing the human blood transcriptome and cytokines is a reasonable addition; it 
is not novel nor strongly compelling, but provides context likely intended to strengthen the connection 
to human DS. The data serves to reinforce that inflammatory signatures are prevalent in human DS, 
although I didn’t find the argument so compelling that the inflammatory pathways impacted correlate 
with the IFNR expression rather than other Chr21 genes. (ITSN1 seemed perhaps the strongest 
correlation.) It is also a bit counter-intuitive how one could discriminate this point clearly, given that 
expression of most Chr21 genes would, a priori, be elevated in concert due to trisomy. The authors 
emphasize the stronger correlation of IFNR mRNAs with inflammatory pathways in contrast to 
DYRK1A, a Chr21 gene which many studies report are connected to numerous phenotypes of DS. (It 
wasn’t clear to me how the use of whole blood RNAseq here would complicate such comparisons.) It 
seems notable that seven of the top ten GSEA gene sets involve IFN signaling and inflammation, 
although it would be good for authors to indicate how many gene sets in blood could be considered 
related to IFNs and inflammation. Also, does triplication of six IFN-response genes (including MX1 and 
MX2) itself make it more likely that these pathways are near the top of the list? Or were the chr21 
genes removed from the pathway analysis? 
 
2. What is most impressive is the creation of and results from the mouse model with normalized copy 
number for Interferon receptor gene cluster, which they report prevents several major DS-related 
hallmarks in Dp16 mice. In this context, it is important that the comparison of WT, Dp16, 
Dp162xIFNRs mice, for all these assays, was done between mice/embryos for which there is 
essentially no difference in genetic backgrounds. In reading the methods, I surmise that this is the 
case, and that the comparisons were done between littermates with different genotypes, not pups for 
different litters….and not with differences in genetic backgrounds. This is important to the whole 
study, and assuming my reading is correct, the comparison of mice from the same litter and 
background should be briefly highlighted in the text. (Should there be any caveats to this, or 
complicating factors, this should be acknowledged and important to address in revision.) 
 
3. In order to make the mice, the authors first deleted one copy of the IFNR gene cluster from WT 
mice…..thereby creating mice monosomic for the IFNR genes….but there is no mention of anything 
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about these monosomic mice. Their diagram indicates monosomic mice would represent 25% of F1 
pups…..so were these mice noticeably impacted in any way? This is interesting in general, but also has 
some relevance to the dosage sensitivity of IFNR genes….so there should be at least some brief 
summary about this. Do the authors think that monosomy for IFNR genes is more benign than trisomy 
for these genes? 
 
4. The evidence that the IFNR correction prevents the heart defects is particularly striking…..even in 
embryos in which I would assume there are not immune insults? I was pleased to see that the 
analysis of embryos was done blind to their genotypes. However, a significant question comes up in 
Figure 3F. In transcriptomic analysis of E15.5 heart tissues, why are the differences in DP16/WT 
comparisons almost the same as in Dp162xIFNRs/WT comparisons? The IFNR-corrected Dp16 mice 
transcriptomes should be more similar to WT if so much is driven by the IFNR genes, but these results 
suggest that very similar pathways are dysregulated by other mechanisms independent of trisomy for 
the IFNR cluster. I understand that the Dp16 versus Dp162xIFNRs comparison shows some difference, 
but it is surprising and important that this data shows that mice with normalized IFNR gene dosage 
still have dysregulation of the key pathways that include: IFN alpha response, IFN gamma response, 
inflammatory response, IL6 Jak Stat3 signaling, IL2 Jak Stat2 signaling. These pathways seem central 
to this paper, but this point is not discussed. Is it a discrepancy that warrants substantial softening of 
the impression that inflammation is driven by or mostly by the IFNR gene cluster, or how do the 
authors explain it? 
 
5. The evidence for correction or mitigation of “cognitive” deficits and craniofacial changes are both 
surprising, with important implications. Analysis of memory and learning deficits in mice can be tricky 
or potentially subjective, so I was pleased to see this analysis was also done blind, perhaps worth a 
mention in the text. While not required here, it is generally the case that it is good to have 
independent analysis and corroboration from an independent lab….which I assume will come in the 
future. If any of these findings are difficult to interpret, it would be fine to acknowledge any limitations 
in Discussion. 
 
 
6. It is understandable that the emphasis is placed on phenotypes that have been ameliorated, but the 
authors should comment somewhat more about any phenotypes not mitigated by reducing IFNRs to 
disomy….this of interest too. For example, Fig 2e does not show significant difference in weight loss 
between Dp16 and Dp162xIFNRs on exposure to viral mimetic. Similarly in Figure 3h-j, there isn’t a 
significant difference between the Dp162xIFNRs , DP16 and WT mice. Is reducing IFNR dosage 
sufficient to maintain homeostasis in pathways regulating interferon alpha response, oxidative 
phosphorylation and Myc targets. Finally, it is noted that motor co-ordination in Dp162xIFNRs and 
DP16 mice do not show much rescue. Please comment on other readily apparent phenotypes if 
present in Dp16, such as effects on longevity or size. 
 
 
 
Minor comments: 
1. Figure 1c in legend is mislabeled as “b” 
2. Extended data figure 1e: There seems to be a red triangle on the figure above IFNAR1 gene which 
hasn’t been explained in the legend. What does it imply for? 
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Author Rebuttal to Initial comments   

 
Response to Referees – Manuscript NG-A60025-T by Waugh et al. 

Reviewer #1. 

Remarks to the Author 

Waugh and colleagues evaluated the impact of interferon receptor gene dosage on various phenotypes 
of individuals with DS through use of a whole blood transcriptome analysis and a mouse model with 
segmental duplication. The authors showed the rescue of some Down syndrome phenotypes with 
normalization of IFNAR1, IFNAR2, IFNGR2, IL10RB region. While hyperresponsiveness to PolyI:C is 
perhaps not unexpected given it’s potent induction of IFN-I, the rescue observed in the hearts of mouse 
embryos has a very nice novelty. This study thus could be an important in defining the role of aberrant 
IFN signalling in T21. This could imply IFN as important in organ and cognition development. 

Major Points 

1. The findings reflecting the rescue of number of the heart defects are of the biggest potential impact. 
Authors cite clinical overlap of individuals with DS to those Type I IFNopathies (patients with AGS and 
others), however patients with Type I IFNopathies do not present with developmental heart signs or 
symptoms. Additionally, patients with STAT1 GOF which affects all four receptors triplicated in DS, Type I 
(both IFNAR and IFNLR) and type II IFNs (via IFNGR) also do not have developmental heart issues. Thus 
at least in other conditions activity of these four 4 genes is not sufficient for heart development 
problems to arise. Furthermore other 37 genes (not containing the 4 IFNR genes) are sufficient to cause 
increase in CHD as pointed out by the authors (In extended data Fig 7). But science is surprising, and if 
phenotype rescue is taken at face value, authors should perform significantly more 
characterization. Only a single time point and one RNAseq experiment (Figure 3E-J) is all data presented 
to make the case of 4 gene influence on the heart development.  

Response: We are grateful for the overall positive assessment and constructive critiques, which we 
address in the revised manuscript with new experiments, new analyses, and important revisions to the 
text.  

First, this comment by Reviewer #1 prompted us to revise the text of the manuscript to summarize the 
current state of the field in terms of the impacts of immune dysregulation on heart development and to 
better place our findings in the greater context of the literature.  As Reviewer #1 notes, not all genetic 
conditions leading to elevated IFN signalling or downstream JAK/STAT signalling are associated with 
increased incidence of congenital heart defects. However, there is increasing evidence supporting a 
pathogenic role for elevated IFN signalling in heart development and function. 

For example, increased risk of cardiovascular malformations has been associated with a subset of 
interferonopathy patients bearing mutations in ADAR, IFIH1 (encoding MDA5), and DDX58 (encoding 
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RIG-I)1. More specifically, patients carrying ADAR, IFIH1, and DDX58 mutations were found to develop 
calcifying cardiac valvular disease1-3, and aortic calcification is a recognized feature of Singleton-Merten 
syndrome caused by IFIH1 and DDX58 mutations2, 3. As described by Crow et al1, ‘individuals with ADAR-
related type I interferonopathy may develop childhood-onset multivalvular stenosis and incompetence 
which can progress insidiously to symptomatic, and ultimately fatal, cardiac failure’. These findings have 
led leaders in the interferonopathy field to recommend regular surveillance echocardiograms for early 
detection of valvular disease1. Given these findings, monogenic interferonopathies are now recognized 
as one of several hereditary disorders of cardiovascular calcification4. 

Prior to the concept of interferonopathies, the term “pseudo-TORCH (toxoplasmosis, rubella, 
cytomegalovirus and herpes) syndrome” was applied to identify this group of ‘serologically negative’ 
disorders that mimic congenital TORCH infections5. Importantly, maternal rubella virus and 
cytomegalovirus infections are widely accepted risk factors for heart defects in developing fetuses6. For 
example, the cardiac abnormality most frequently found in rubella syndrome is a combination of branch 
pulmonary artery stenosis and patent ductus arteriosus, with isolated branch pulmonary artery stenosis 
twice as common as isolated patent ductus arteriosus6. Although rubella has been mostly eradicated in 
the United States, other countries are still actively working to determine additional developmental 
defects affecting exposed fetuses, such as craniofacial malformations (e.g., microcephaly) that also 
occur in subsets of individuals with interferonopathies7. Clearly, the field has just begun to understand 
the commonalities between diverse interferonopathies and maternal viral infections that could elicit 
elevated IFN and JAK/STAT signalling in utero, with additional research being needed to decipher the 
mechanisms underlying the ensuing developmental defects as well as the incomplete penetrance of 
these phenotypes. 

Therefore, guided by the Reviewer’s comment, we have modified the discussion to highlight that diverse 
monogenic interferonopathies, autoimmune conditions (i.e., lupus), and maternal infections have been 
associated with increased risk of various heart malformations, albeit to variable degrees1, 6, 8, while also 
recognizing that not all disorders of elevated JAK/STAT signalling present cardiovascular abnormalities, 
such as in the case of STAT1 gain-of-function9. 

In conclusion, the decreased prevalence of heart malformations observed upon decreased dosage of the 
Ifnr locus in a mouse model of Down syndrome is therefore novel but not necessarily misaligned with 
the current literature.  

Second, we agree with Reviewer #1 that we have not demonstrated ‘sufficiency’ but rather 
‘requirement’ of Ifnr locus triplication for increased incidence of congenital heart disease in the Dp16 
preclinical model of Down syndrome. Our data are in line with previous publications of genetic 
potentiators of increased prevalence of heart defects in both humans and mouse models of Down 
syndrome that are also highlighted in extended data Fig. 7, such as Jam2 (encoded on chromosome 21), 
which is as a potentiator of Creld1 mutations (Creld1 is encoded on human chromosome 3)10. 
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We agree with Reviewer #1 that it is important to acknowledge that such data in humans and mice are 
sometimes at odds with the ‘sufficiency’ experiments described in Fig. 7. However, we chose not to 
elaborate much more on this topic in the Discussion, as many of the available negative data are not 
sufficiently powered but still cited in Fig. 7 as they have passed peer review.  

For example, the comprehensive study by Lana-Elola et al., 201611 achieves >80% power to determine 
that the proportion of Dp1Tyb with heart defects (61.5% of n=39 embryos) differ from wildtype embryos 
(26.9% of n=26 embryos). The Dp1Tyb are comparable to Dp16 in gene content. The Dp1Tyb were then 
broken into several other models that have smaller segmental replications of this total region to test 
which gene segments are sufficient for increased incidence of heart defects. Again, nearly 80% power 
was achieved to determine that the proportion of Dp3Tyb, or mice containing 37 genes that do not 
include the 4 Ifnr genes, bearing heart defects (44.0% of n=25 embryos) differ from wild type controls 
(11.5% of n=26 embryos). However, only 36% power was achieved to determine that the Dp2Tyb, or 
mice containing a segmental duplication that bore the 4 Ifnrs and other genes, did not differ in 
proportion of heart defects (34.6% of n=26 embryos) compared to wildtype controls (12.5% of n=34.6). 
Therefore, the field has only achieved ~36% power to test the null hypothesis that there is no difference 
in Dp2Tyb and wild type controls, which is well below the recommended lowest power to reduce the 
likelihood of Type II error (i.e., a false negative). 

Guided by this Reviewer comment, we have modified the Discussion to make amply clear that our 
results do not demonstrate sufficiency, only requirement, of Ifnr triplication, while also placing our 
results into the context of current literature. 

Third, we are grateful for the guidance to perform more experiments in this chapter of the manuscript, 
which prompted us to complete transcriptome analyses of cardiac tissue at two different embryonic 
timepoints, E12.5 and E18.5, as well as adult heart tissues, and to complete a more thorough analysis of 
these datasets. We also employed a larger sample size (n=5-6 mice per genotype) to identify more 
differentially expressed genes (DEGs). 

As described in the revised manuscript, at all three time points, heart tissue from Dp16 mice show 
overexpression of most of the triplicated genes, as well as global dysregulation of key signalling 
pathways, with significant attenuation of fold changes in expression of the DEGs outside the triplicated 
region in Dp162xIfnrs, most prominently at E12.5 (new Extended Data Fig. 2e, new Fig. 4e). Pathway 
analysis identified both common and unique gene signatures dysregulated in Dp16 and attenuated in 
Dp162xIfnrs at all three time points (new Fig. 4f, new Extended Data Fig. 4c). Consistently, Dp16 heart 
tissues show increased interferon alpha and gamma signalling concurrent with elevation of diverse 
inflammatory pathways, such IL2/STAT5 signalling, IL6/JAK/STAT3 signalling, Inflammatory response, 
and TNFα signalling (new Fig. 4f, new Extended Data Fig. 4c). Other conserved signatures across time 
points include elevated expression of genes involved in Epithelial to Mesenchymal Transition (EMT) and 
decreased expression of genes associated with cell proliferation (e.g., MYC targets, E2F targets) (new 
Fig. 4f, new Extended Data Fig. 4c). In Dp162xIfnrs mice, many, but certainly not all, of these gene 
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expression changes are rescued, with some variation across time points. For example, at E12.5, a critical 
time point for septation of the heart, Dp162xIfnrs mice show attenuated dysregulation of ISGs (e.g., Irf9, 
Ifih1), EMT genes (e.g., Col4a2, Tgfb1), and MYC target genes (e.g., Rcf4, Srsf7) (new Fig. 4f-g). The 
Reviewer may appreciate that one of the genes induced in Dp16 but ‘attenuated’ in Dp162xIfnrs is Ifih1, 
encoding Mda5, which has been found mutated (gain-of-function) in Aicardi-Goutières Syndrome and 
Singleton-Merten Syndrome. 

Altogether, these results indicate that triplication of Ifnrs elicits a signalling cascade in the developing 
heart involving elevated JAK/STAT signalling, dysregulation of EMT processes, along with decreased cell 
growth and proliferation, all of which could contribute to heart malformations. These new results are 
described in the revised manuscript and all data made available to facilitate additional research. 

2. I want to extent gratitude for the mouse model that was created in this paper. It will serve many of us 
in the future. However, the authors state that they knockout a 192 kb genomic segment on MMU16 
encoding all four Ifnrs. For the point to be made that it’s only the function of the 4 genes, these 4 genes 
only need to be knocked out, and not 192 kb genomic segment. Perhaps tempering language that this 
segment is sufficient, and that maybe it IFN genes and maybe other factors is a better qualifying 
language to be used. In this 192kb segment, there are many noncoding RNAs (LnRNAs and miRNAs), 
which can all be important for development. Alternatively, authors can attempt pharmacological rescue 
of the model via inhibition of 4 gene functions with anti-IFN receptor antibodies, although this might be 
difficult in the developing embryo. 

Response: We thank Reviewer #1 for this comment and look forward to sharing the mouse model we 
created with the community. The Reviewer may be pleased to know that in the revised manuscript we 
describe a total of six transcriptome analyses of different tissues relevant to the phenotypes studied: 
mesenteric lymph nodes, three time points for heart tissue, neural crest-derived facial mesenchyme, 
and brain tissue. These additional transcriptome studies represent a much more thorough 
characterization of the mouse model created. Consistently, the four Ifnrs stand out as the only detected 
mRNAs overexpressed in Dp16 and fully restored to normal expression levels in the Dp162xIfnr strain 
across all tissues tested. In each of these experiments, we demonstrate the clean effect of the genome 
editing strategy employed, which was carefully designed to avoid disrupting expression of flanking 
genes. With all that being said, we fully agree with the Reviewer that deletion of the 192kb segment 
may affect non-coding RNA species not detected by our transcriptome analysis or cis regulatory regions 
(e.g., enhancers). Accordingly, we modified the text to conclude that rescued phenotypes can now be 
traced back to gene dosage of the “Ifnr locus” or “Ifnr gene cluster” encoded on Mmu16, and have made 
sure to clarify that our experiments demonstrate requirement, but not sufficiency, of triplication of this 
locus for increased penetrance and/or severity of diverse phenotypes in the in Dp16 preclinical model of 
Down syndrome. 

We considered the use of anti-IFN receptor antibodies as suggested by the Reviewer but were not 
convinced of the feasibility of this study for a few reasons: 1) Need of a cocktail of four different 
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antibodies with clear 'neutralizing’' activity, 2) Unclear access of these antibodies to key tissues (e.g., 
embryonic heart, facial mesenchyme, brain), and 3) Unclear timeline for successful intervention. 
Nevertheless, we are very interested in finding ways to translate our results into clinical applications. 
We feel that data presented herein set the necessary foundation to begin to pursue both preventative 
and therapeutic targeting of IFN signalling pathways in Down syndrome. We now elaborate in the 
Discussion on the value of this genetic rescue, and how future pharmacologic studies can now begin to 
investigate appropriate timing, dosage, and methods of normalizing (vs. completely inhibiting) IFN 
signalling in trisomy 21.  

3. For Figure 3. G-J, the statistics between the WT, Dp16 and Dp162XIFNR mice is at best dynamic, and 
at times is only trending and not agreeing. Probably could be rectified by having more than a single 
experiment. 

Response: Thanks for this comment, which we have addressed with the additional transcriptome 
analyses described above. Notably, the revised manuscript describes transcriptome analysis of six 
different biospecimens across the three genotypes, as well as much expanded bioinformatics analyses, 
which led us to create an entire new figure (new Fig. 2) as well as many other panels in previous figures 
and new supplemental files. 

As described throughout the revised manuscript, the transcriptome analyses consistently highlighted 
overexpression of the triplicated genes in the Dp16 strain and rescue of Ifnr overexpression in Dp162xIfnrs, 
while largely preserving overexpression of other triplicated genes (new Fig. 2c-f, new Extended Data Fig. 
2e-f). For example, in the lymph nodes, the genomic deletion clearly rescued overexpression of Ifnar1 
and Ifngr2 without affecting expression of the flanking gene Tmem50b or Dyrk1a, encoded elsewhere in 
the triplicated region (new Fig. 2d). Notably, these analyses identified hundreds of differentially 
expressed genes (DEGs) in Dp16 tissues across the genome (new Fig. 2c, new Extended Data Fig. 2e, 
new Supplementary Tables 5-10). Comparison of the fold changes for these DEGs in Dp16/WT versus 
Dp162xIfnrs/WT revealed an overall statistical significant attenuation of gene expression changes in 
Dp162xIfnrs in every tissue examined, albeit to varying degrees, as illustrated by lesser effects in the lymph 
nodes and stronger effects in the brain (new Fig. 2d). As described throughout each chapter of the 
revised manuscript, this dampening of gene expression changes in Dp162xIfnrs differentially affects 
specific signalling pathways in each tissue. Altogether, the new results demonstrate that triplication of 
the Ifnr locus not only drives Ifnr overexpression, but also contributes to dysregulated gene expression 
programs throughout the genome.  

Of importance to the congenital heart defect chapter and relevant to the Reviewer’s comment, we 
focused our description of the results on the pathways that are consistently dysregulated at every time 
point (e.g., interferon signalling, EMT, cell proliferation), which clearly adds confidence in the validity of 
these discoveries.  
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4. The authors mention a few differences in mice between males and females. For example, only Dp16 
males had impairment of relearning in the MWM. Given that Down syndrome affects males and females 
at an equal frequency, can the authors provide a reason to why there are sex differences in mice? 

Response: We thank the reviewer for the interest in the sexual dimorphism observed for some cognitive 
phenotypes. Notably, although little is known about cognitive differences between males and females 
with Down syndrome, there is precedent in the literature for sexual dimorphism in cognitive function in 
mouse models of Down syndrome12-15. 

A few studies have explored how gender impacts the severity and prevalence of various phenotypes of 
interest to Down syndrome research, such as visuo-spatial learning and memory16, 17, which is the 
cognitive domain assessed in our manuscript via the Morris Water Maze (MWM) in mice. For example, 
among people with Down syndrome, females were found to be less impaired than males in various 
cognitive assays (where n=18 females and n=10 males with trisomy 21)18, 19. However, although the sex-
specific differences in Dp16 execution of the MWM observed in our study are in line with previous 
MWM studies of Dp1612-15, clinical relevance of these data is still an active area of investigation in need 
of additional well-powered studies in people with Down syndrome17. Therefore, although T21 equally 
afflicts males and females, there is increasing appreciation that severity of cognitive deficits may vary by 
gender and specific cognitive domain, but the underlying mechanisms are unknown.  

Prompted by the Reviewer’s comment, we mention this incipient body of literature in the revised 
Discussion. 

5. Craniofacial abnormalities and the validation of craniofacial landmarks by two individuals who were 
blinded to the different genotypes is a great approach. Phenotype rescue when removing the 192 kb 
genomic segment is clear, but what is on this segment that is causing it is unclear. 

Response: Thanks for this comment. In the revised manuscript we include a new transcriptome 
analysis of neural crest-derived facial mesenchyme, an embryonic tissue giving rise to the upper 
and lower jaw (i.e., mandible). Importantly, our results show that mandibular development is 
very sensitive to Ifnr locus gene dosage. As observed in other tissues, triplicated genes were 
clearly overexpressed in Dp16 and Dp162xIfnrs facial mesenchyme but expression of the Ifnrs is 
corrected in Dp162xIfnrs (new Extended Data Fig. 6d). Notably, pathway analysis revealed key 
gene sets dysregulated in Dp16 but attenuated in Dp162xIfnrs (new Fig. 6i-j, new Extended Data 
Fig. 6e, new Supplementary Table 10). For example, the elevation of multiple genes involved 
in oxidative phosphorylation observed in Dp16 was attenuated in Dp162xIfnrs (e.g., the 
cytochrome oxidase subunits Cox5a1 and Ndufa4, new Fig. 6i-j). Likewise, Dp16, but less so 
Dp162xIfnrs, showed downregulation of gene signatures associated with cell proliferation (e.g., 
G2M, mitotic spindle, E2F), as illustrated by the proliferation marker Mki67 and the centromeric 
protein Cenpe (new Fig. 6i-j, new Extended Data Fig. 6e). Altogether, these results indicate 
that cell proliferation in this embryonic tissue is negatively impacted by an extra copy of the Ifnr 
locus.  
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These new results are described in the revised manuscript, while being mindful in our language 
of the Reviewer’s concern about the nature of the genomic deletion created.  
6. The differences in cognitive deficits appear to be extremely mild. Associative learning appears 
more affected, while there is very little if no rescue in spatial learning. Any speculation as to 
why? Again, greater differences are noted in males than females in reversal phase (Figure 4C). 
Any speculation as to why?  
Response: We agree with the observation that associative learning (measured by the context fear 
conditioning, CFC test) is more clearly impacted than spatial learning (measured by the Morris 
Water Maze, MWM test). One possibility is that each type of learning involves different 
neuronal networks, even perhaps different neurotransmitter systems, which in turn could be 
differentially impacted by the various genotypes and sexes. For example, the CFC test, which 
measures a freezing response to an electric shock, may be less reliant on physical endurance, 
swimming performance, or three-dimensional visual cue recognition required to find the hidden 
platform in the MWM test. Notably, our results showing differential phenotypes of cognitive 
deficit severity measured by MWM and CFC for Dp16 as well as sex-specific differences are in 
line with previous work using this model12-15.  
Of relevance to this comment, the Reviewer may appreciate that the revised manuscript describes 
transcriptome analysis of adult brain tissue. This transcriptome analysis confirmed overexpression of 
triplicated genes in Dp16 and Dp162xIfnrs, along with dysregulation of hundreds of DEGs that was clearly 
attenuated in Dp162xIfnrs (new Fig. 2e-f). Pathway analysis identified multiple gene signatures important 
for brain function that are dysregulated in Dp16 but attenuated in Dp162xIfnrs. Salient examples include 
genes involved in synaptogenesis, such as chimerin 1 (Chn1), synapsin 3 (Syn3), adenylate cyclase 4 
(Adcy4), the contactin associated protein 1 (Cntnap1), and multiple cadherins (e.g., Cdh5, Cdh23);  
SNARE signalling, which is critical for neuronal function, such as synuclein alpha (Snca), the synaptosome 
associated protein 23 (Snap23), and synaptotagmin 5 (Syt5); and dopamine signalling, such as tyrosine 
hydroxylase (Th), a rate limiting enzyme in dopamine  synthesis, the dopamine receptor Drd2, and the 
vesicular acetylcholine transporter Slc18a3.  

Therefore, although we cannot fully explain why some cognitive domains are more impacted 
than others nor the mechanisms for sexual dimorphism in these phenotypes, we hope that the 
results and data shared in the revised manuscript will enable further research in this area.  

--- 
Reviewer #2. 

Remarks to the Author 

The study by Waugh et al. investigates the mechanism of interferon pathway hyperactivity in Downs 
syndrome (TS21). The same lab has shown earlier that TS21 cells are hypersensitive to Interferon 
stimulation. The authors now expand on this firstly by performing a comprehensive transcriptome and 
plasma marker analysis on whole blood of TS21 patients with matched controls. Integrated data analysis 
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reveals a strong association of elevated expression of Interferon Receptors (notably located on 
chromosome 21) with the DS signature and related activated pathways. These effects appear more 
directly connected to Interferon genes compared to other triplicated genes in DS. The authors then 
present a new mouse model of TS21, where they have deleted the Interferon-gene cluster and thereby 
rescue the elevated dosage caused by TS21. This mouse model is carefully characterized with regards to 
several phenotypic manifestations of DS patients. Restoration of IFNR gene dosage rescues from a 
malfunctioning immune system. It rescues embryonic heart defects. It ameliorates some of the cognitive 
features and craniofacial defects observed in TS21 and the DP16 model. Hence, several of the key 
physiological features of DS seem to be directly related to the INF-receptor dosage. 

I really enjoyed reading this manuscript. The writing is excellent and I felt the interpretation of the data 
is balanced. The experiments, analyses and mouse model data are carefully 
performed/analyzed/characterized (e.g. a whole genome sequencing of the mouse model is provided 
and usually several approaches are presented before reaching a conclusion). The supplementary 
information and raw data (GEO) are complete and informative. The human dataset on its own will be a 
valuable resource for the field. Overall, I think the results are of high relevance, since they link a “pro-
inflammatory” phenotype caused by increased gene dosage of the IFNR to multiple phenotypic 
(systemic) alterations (which perhaps one could simplistically assume are caused by the increased gene 
dosage of several individual genes on chr21 mattering for a given phenotype/organ but not another). 

Major Point  

I only have one major point, which I think the authors (given their strong transcriptome analysis in 
Figure 1 and Figure 3) can easily address: I missed some transcriptome characterizations of the mouse 
model beyond the heart (e.g. the brain relating to the cognitive experiments, perhaps the neural crest 
for the facial features or some immune cell type related to experiments presented in Figure 2). I think 
this would nicely make a point in that several tissues, organs and phenotypes – despite their very 
different developmental trajectories/origins – may be affected by the increased gene dosage in DP16 
and accordingly the rescue in DP16-2xIFNR. This may also help to understand why certain features are 
completely restored, while others (e.g. cognitive) are only ameliorated, but do not fully rebalanced to 
WT. 

Such datasets would also clarify the expression of DP16-2xIFNR in the different tissues compared to WT 
(two alleles on the two parental alleles). It is possible that because the two doses of the receptor are 
expressed in a slightly different way than in WT (excellent scheme in Extended Data Fig. 2e), the levels 
might not be exactly balanced (although the qPCR in Fig. 2b and the FACS in 2c would suggest this is the 
case). I would suggest that the authors provide a compiled qPCR and FACS, if possible, for all 
representative organs / cell-types studied (white blood cells, heart, brain, craniofacial (e.g. neural 
crest?)). 

Response: We are grateful for the overall positive assessment from Reviewer #2 and for the 
constructive comments, which, along with comments from the other Reviewers, prompted us to 
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complete a comprehensive transcriptome analysis of different tissues (and in the case of the heart also 
at different time points). In the revised manuscript we describe the results of six new transcriptome 
analysis from tissues relevant to the phenotypes described: adult mesenteric lymph nodes, embryonic 
heart (two different time points, E12.5 and E18.5) and adult heart, embryonic neural crest-derived facial 
mesenchyme at E10.5, and adult brain tissue. Throughout the manuscript, as relevant to each chapter 
and figure, we describe the presence of gene expression programs dysregulated in the Dp16 model that 
are attenuated in Dp162xIfnr mice. As we describe each of these transcriptome studies, we followed the 
Reviewer’s guidance and highlight how the 4 Ifnrs are overexpressed in Dp16 but not so in in the 
Dp162xIfnr strain. Additionally, we describe how the Dp162xIfnr strain still overexpresses the other 
triplicated genes, while displaying significant attenuation of the fold changes for differentially expressed 
genes (DEGs) encoded outside of the triplicated region. As we describe the transcriptome study that 
matches each chapter (e.g., immune hypersensitivity, congenital heart defects, cognitive impairments, 
craniofacial development), we highlight the gene signatures that are most sensitive to dosage of the Ifnr 
locus and how these gene signatures may be connected to the observed phenotype. 

Minor Points 

The authors chose a q-value of 0.1 for their differential expression analysis. This seems fairly high in my 
view, as typically 0.05 or even 0.01 is chosen. Could the authors perhaps comment in methods of why 
this threshold was chosen and how many DE genes would be recovered at FDR of 0.05? 

Response: Thanks for this comment. We have employed the DESeq2 informatics tool20 to analyze all 
RNAseq data. The DESeq2 method has been extensively benchmarked against other bioinformatics 
tools, having been cited more than 43,000 times since publication in 201420. During design and testing 
of DESeq2, a q-value of 0.1 was found to have high precision and sensitivity and is the standard cut-off 
recommended by the developers for differential gene expression analysis20.  

To answer the Reviewer’s question about how the q<0.1 cut-off compares to q<0.05, the answer varies 
from one transcriptome experiment to another. For example, in the comparison of Dp16 versus wild 
type lymph nodes, 569 DEGs would pass the cut-off at q<0.1 versus 401 DEGs at q<0.05. To give the 
Reviewer a sense of how stringent the multiple hypotheses correction is when using DESeq2, in this 
same experiment a q=0.1 is equivalent to an unadjusted p=0.0035. 

Importantly, to address the Reviewer’s concern, we provide all DESeq2 output tables in our 
Supplementary Tables, one for each transcriptome study, including all q values and unadjusted p values, 
so that readers can analyze these datasets with their cut-off value of choice. 

The methods paragraph for the Gene Set Enrichment Analysis and Spearman Correlation is relatively 
short and refers to packages and previously published information. Could the authors expand this in 
order to better explain the analysis for a non-expert? 

Response: Thanks for this constructive comment, which prompted us to better explain these two 
methods. Gene Set Enrichment Analysis (GSEA) is a bioinformatic tool that analyses the distribution of 
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genes in a given pathway or signature (or in any gene set really) within a larger ranked list, to define 
whether the genes in the pathway are ‘enriched’ toward one end or the other of the ranked list. For 
example, the IFN Gamma Response gene set has a very high positive enrichment score (i.e., normalized 
enrichment score or NES in Fig. 1) in the ranked list generated by DESeq2 analysis of the transcriptome 
changes observed in persons with trisomy 21 versus euploid controls. These results indicate that genes 
in the IFN gamma pathway are highly enriched among those elevated in trisomy 21. Just as well, GSEA 
can evaluate the distribution of the IFN gamma gene set in a ranked list of Spearman correlation values 
(or any other ranked list really). For example, the IFN Gamma Response gene set has very high NES 
values in the ranked lists of Spearman rho values calculated from correlations between any of the four 
IFNRs encoded on chromosome 21 versus all other mRNAs in the transcriptome (Fig. 1c). That is, genes 
in the IFN gamma pathway are highly enriched among mRNAs showing positive co-expression values 
(high Spearman rho) with IFNRs, something that is not true for most other genes encoded on 
chromosome 21. 

Guided by the Reviewer’s comment, we have expanded this section of the Methods. 

The authors should double check the references for Figures in their text. E.g. on page 5 (“… rho values by 
GSEA (see Methods, Extended Data Fig. 1b)”) I think this refers to Extended Data Fig. 1c and following. 

Response: Thanks for this noticing this oversight, we have corrected. 

Could the authors provide a supplementary list which other 120 genes are triplicated in the Dp16 mouse 
model? 

Response: Thanks for this comment, we agree that this list will be useful for readers. We supply the list 
of triplicated genes detected in the Dp16 transcriptome studies in the updated Supplementary Table 4 – 
Additional Methods Data, tab E. 

Do the authors have an explanation why the RFI of STAT1 in the stimulated condition for DP162xIFNR is 
lower than in WT (Extended Data Fig. 3f)? 

Response: We have been intrigued by this observation ourselves. Our transcriptome analysis across 
multiple tissues shows that Ifnr expression is reduced to ‘normal levels’ in Dp162xIfnrs, not any lower. In 
the revised manuscript we doubled the sample size for this experiment and the results remain the same 
(new Fig. 3b). One favored hypothesis is that whereas both WT and Dp162xIfnrs mice have two copies of 
the Ifnr locus, other genes still triplicated in Dp162xIfnrs may exert some form of dampening of STAT1 
phosphorylation in the stimulated condition. In other words, we envision some form of negative 
feedback loop on STAT1 phosphorylation that is only evident when the hypersensitivity driven by Ifnr 
triplication is undone by our genetic correction. In the revised manuscript we describe this tantalizing 
result and briefly mention this hypothesis. 

Page 9 “… versus Dp16 transcriptomes revealed significant normalization of the gene signatures 
dysregulated in Dp16”. I am not sure what the authors mean with “normalization”, most likely because 
this a technical term referred to RNA-seq normalization. Perhaps the authors can rephrase this slightly? 
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Response: We agree with the Reviewing that ‘normalization’ could be misinterpreted in this context and 
have rephrased accordingly. What we meant in this passage, and what is now also evident in the many 
additional transcriptome experiments, is that many gene expression changes observed in Dp16 mice are 
‘attenuated’, ‘rescued’, or ‘prevented’ in Dp162xIfnrs.  We have now rephrased all references to 
“normalization” with the alternative wording. 

Fig 3f: Can the authors, instead of the pathways, provide a simple heatmap of the 73 DEGs on the 
triplicated segment and how they change in the three conditions / genotypes analyzed? Is expression of 
other genes on DP16 (e.g. DYRK1A) restored by rebalancing IFNR to 2x? I would also like to see a 
heatmap of all 120 triplicated genes and their expression in the three conditions. Can they also provide a 
heatmap of the remaining DEGs (not on the triplicated segment)? Furthermore, can the volcano plot 
(3e) be provided for all comparisons (DP16/WT, DP162x/WT, DP162x/DP16) and the overlaps between 
this dataset (e.g. upset plot) be shown? I understand that some of these informations can be retrieved 
from the Supplementary Lists, but I feel these comparisons are key to the findings and should be 
provided as a Main Figure. 

Response: We are grateful for this comment, which inspired us to try many different ways of 
representing the results from the six new transcriptome analyses for greater clarity. Guided by this 
comment, we have introduced several graphs that we hope the Reviewer will find informative and easy 
to interpret: 

1. All three Volcano plots for each genotype comparison, side-by-side and on the same scales, color 
coding the position of the 4 Ifnrs (red), all triplicated genes (blue), all DEGs outside of the triplicated 
region (gray), and all other genes (black), as well as Manhattan plots of Mmu16 using the same color 
coding. We provide these two formats for the lymph node transcriptome experiment in new Fig. 2c 
(Volcano plots) and Extended Data Fig. 2f (Manhattan plots), which is the first transcriptome 
experiment described. These graphs look very similar for all other transcriptomes, so we do not think 
it is necessary to include the other 5 sets of Volcano plots and Manhattan plots in addition to the 
Supplemental Tables. However, the Reviewer will likely appreciate what we believe is a good 
alternative that addresses the Reviewer’s curiosity:  

2. Scatter plots comparing the fold changes for the 4 Ifnrs (red), all triplicated genes (blue), and all 
DEGs outside of the triplicated region (gray) in the Dp16/WT versus Dp162xIfnrs/WT comparisons, 
including linear fits and slope values for the triplicated genes (in blue) versus all other DEGs (gray). 
We believe these graphs, which we show for every single transcriptome study (new Fig. 2e, Fig. 4e, 
Extended Data Fig. 6d) are an elegant way to display the differences in expression of all DEGs, 
triplicated or not, across the three genotypes, akin to the heatmaps envisioned by the Reviewer. 
Consistently, these scatter plots highlight three key results: i) The genomic deletion consistently 
corrects Ifnr expression across multiple tissues, ii) The genomic deletion largely preserves 
overexpression of other triplicated genes, and iii) Correction of Ifnr locus copy number attenuates 
many, but not all, changes affecting DEGs encoded elsewhere in the genome. The comparison of fold 
changes in triplicated genes versus other DEGs is also presented as sina plots in new Fig. 2f and 
Extended Data Fig. S2e for calculation of statistical differences. 
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3. Heatmaps as envisioned by the Reviewer showing example genes accompanying every transcriptome 
study described in the manuscript, with an emphasis on gene signatures that are specially sensitive to 
Ifnr copy number, showing the relative expression values in WT, Dp16 and Dp162xIfnrs. Given space 
limitations within the figures and to ensure clarity, we have restricted the number of genes to show in 
these heatmaps to 10 or less. 

Since this is a standard RNA-seq performed from 
mice, I would recommend choosing a FDR of 0.05. 

Response: Please see above our response to a similar 
comment, where we explain our choice to follow the 
recommendation from DESeq2 developers20. 

Fig. 4a – Hard to distinguish the size of the square 
symbol that indicates the –log10q 

Response: Thanks for the comment, we have 
modified this figure to give a greater dynamic range 
to the squares representing the varying statistical 
significance. 

Fig. 4e – is the comparison between DP16 and DP16-
2xIFNR statistically significant? 

Response: In this figure, the comparison between 
Dp16 and Dp162xIfnrs is not statistically significant. In this experiment we tested if Dp16 or Dp162xIfnrs 
differ from the reference WT control group by one-way ANOVA with Dunnett’s test correction, which is 
the appropriate test for such comparison, revealing a significant difference in Dp16 but not in Dp162xIfnrs. 
Testing if Dp16 is different than Dp162xIfnrs would require testing all possible combinations of group 
comparisons and add an additional hypothesis to the correction, for which Tukey’s test would be more 
appropriate. Using Tukey’s test would bring the p value for the WT to Dp16 comparison barely above 
0.05 (see Fig. R1 shown here comparing Dunnett’s versus Tukey’s corrections). We chose to display the 
results as currently presented (one-way ANOVA with Dunnett’s test) because these subtle yet significant 
differences in MWM probe trials are in line with previous publications of Dp1612-15. Otherwise, we would 
be concluding that Dp16 do not have differences in MWM performance, countering multiple published 
reports. 

The paragraph explaining the results of the craniofacial anomalies is a bit hard to understand for a non-
specialist. Perhaps this paragraph can be rewritten for a more general audience, while the details can be 
provided in a supplementary note? 

Response: Thank you for this constructive critique. We have rewritten this section with more details and 
more general language where appropriate. We have taken extra effort to explain in plain language some 
of the terms used (e.g., synchondrosis, calvarium). 

 

Fig. R1. Reversal probe results with correction for two 
(l f )  h  ( i h ) l i l  h h  
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Earlier work has provided crucial roles for DYRK1A dosage in Trisomy21, especially with regards to the 
neurological and cognitive features of the disease. Perhaps in the nervous system, IFNR together with 
DYRK1A dosage are the key drivers for the DS phenotype?  

Response: We appreciate this comment, which we address in the revised text. As explained in the 
response to the next comment, Dyrk1a overexpression is preserved in various tissues of the Dp162xIfnrs 
mice, including brain tissue, suggesting that this key gene could contribute to phenotypes in the absence 
of Ifnr triplication. As described in the manuscript, correction of Ifnr dosage does not fully rescue the 
cognitive impairments observed in Dp16, suggesting that other triplicated genes, including Dyrk1a, could 
be having important effects as well, which we acknowledge in the revised Discussion. 

I noticed that in the heart RNA-seq, Dyrk1a expression was restored by deleting the third copy of 
Interferon receptors. Maybe this is not the case in the brain? I would encourage the authors to expand 
the results and discussion in that regard. 

Response: Thanks for this comment, which encouraged us to use Dyrk1a as an example of a gene 
triplicated in Dp16 that is not affected by the genomic deletion across the various tissues studied. In the 
new transcriptome analyses of six different tissues, for which we employed a larger sample size of at 
least 5-6 animals per genotype, Dyrk1a and most other triplicated genes were not significantly affected 
by the genomic deletion. The new transcriptomes of heart tissue at E12.5, E18.5, and adult age replace 
the single, less powered experiment in the original submission at E15.5. Inspired by the Reviewer’s 
comment, we highlighted the position of Dyrk1a relative to Ifnar1 in various plots where the 
transcriptome data is presented. We also elaborate on the possibility that Dyrk1a may contribute to the 
cognitive phenotypes, which are not fully rescued in Dp162xIfnrs, in the revised Discussion. 

p.15 / L7 – “… provides much needed mechanistic insight about the …” – I would remove the word 
“mechanistic” here, because at the mechanistic / molecular level the link between IFNR and the 
craniofacial features still remains unclear. 

Response: We have removed the term “mechanistic” from this sentence. 

Extended Data Fig 1a: The authors measured two inflammatory markers from plasma (CRP and IL-6). The 
scheme (and also one passage in the text stating “proteome”) gives the impression many markers were 
tested. I would suggest adjusting the scheme and just write CRP/IL-6. 

Response: We have modified the figure and text as suggested by the Reviewer.  

Extended Data Fig 1c: Too small font / labels. 

Response: We have increased the size of font and labels in Extended Data Fig 1c. 

--- 

Reviewers #3 & #4: Experts on DS genetics, reviewed together. 

Remarks to the Author 
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I read this manuscript with much interest because it addresses an important question in Down 
syndrome research, with biological and translational implications. Several prior studies, including from 
this group, have reported that individuals with Down syndrome have elevated inflammation and 
immune dysregulation, co-occurring with dysregulation of interferon-related genes. Since many things 
can influence these complex bodily systems, one could not assume that these effects are due to the 
presence of four interferon receptor genes on Chr21. Nonetheless, this is a compelling hypothesis, 
which Waugh et al. have now tested in a comprehensive study in a mouse model of Down syndrome. 
The heart of the study is the deletion of a cluster of four IFN receptor genes from a previously studied 
mouse model, Dp16, which carries a segmental duplication of ~120 genes orthologous to human Chr21.  

While the study begins with pathway and cytokine analysis in human blood samples, the novel and 
impressive main part of the study is the engineering and analysis of trisomic mice corrected for 
triplication of the IFN receptor genes. The authors deleted a ~192kb segment containing the four 
interferon receptor genes in a WT mouse, then interbred these with the trisomic DP16 mouse, thereby 
correcting dosage for just those genes. They then assess and report that correcting IFN receptor gene 
dosage essentially prevents several major phenotypes of the DS mouse, some of which are remarkable 
and surprising. 
The implications of these findings for humans remains to be directly established, but is plausible, and 
the findings in this DS mouse model alone are of high impact and significance. Overall, this study 
appears to be comprehensive, well-done, and well-presented, although I have some significant 
comments or questions that should be addressed. 

Major comments 

1. The first section analyzing the human blood transcriptome and cytokines is a reasonable addition; it is 
not novel nor strongly compelling, but provides context likely intended to strengthen the connection to 
human DS. The data serves to reinforce that inflammatory signatures are prevalent in human DS, 
although I didn’t find the argument so compelling that the inflammatory pathways impacted correlate 
with the IFNR expression rather than other Chr21 genes. (ITSN1 seemed perhaps the strongest 
correlation.) It is also a bit counter-intuitive how one could discriminate this point clearly, given that 
expression of most Chr21 genes would, a priori, be elevated in concert due to trisomy. The authors 
emphasize the stronger correlation of IFNR mRNAs with inflammatory pathways in contrast to DYRK1A, 
a Chr21 gene which many studies report are connected to numerous phenotypes of DS. (It wasn’t clear 
to me how the use of whole blood RNAseq here would complicate such comparisons.) It 
seems notable that seven of the top ten GSEA gene sets involve IFN signalling and inflammation, 
although it would be good for authors to indicate how many gene sets in blood could be considered 
related to IFNs and inflammation. Also, does triplication of six IFN-response genes (including MX1 and 
MX2) itself make it more likely that these pathways are near the top of the list? Or were the chr21 genes 
removed from the pathway analysis?  
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Response: We appreciate the overall positive assessment and the opportunity to elaborate on the 
results arising from the whole blood transcriptome analysis. 

First, we agree with the Reviewers that the four IFNRs are not the only genes that show strong positive 
associations between their mRNA expression levels and expression of genes involved in inflammatory 
pathways and plasma levels of markers of inflammation (i.e., CRP, IL6). The Reviewers correctly notice 
that ITSN1 (as well as other HSA21 genes) also correlate positively with inflammation signatures. 
However, the surprising and novel observation (‘counter-intuitive’ as the Reviewers stated) is that only a 
minor fraction of chr21 genes show such significant correlations with the inflammatory signatures 
elevated in Down syndrome, including the IFNRs and ITSN1. Therefore, a key finding in this part of the 
manuscript is that not all HSA21 genes are overexpressed in concert to the same degree in every person 
with Down syndrome, and that this ‘variegated overexpression’ correlates with different gene 
expression signatures dysregulated in trisomy 21. More specifically, individuals with Down syndrome 
who overexpress the IFNRs show signatures of inflammation but do not show signatures of increased 
oxidative phosphorylation, which are also elevated in trisomy 21 (Fig. 1c-d). In contrast, individuals with 
Down syndrome who overexpress DYRK1A show transcriptomic signatures of increased protein 
secretion and decreased heme metabolism, while those who overexpress ATP5PO, a subunit of the 
mitochondrial ATPase complex encoded on HSA21, show signatures of increase oxidative 
phosphorylation (Fig. 1c). 

To make this observation more explicit to readers, in the revised manuscript we revised the text to 
enhance the explanation of these results, but we also created a new figure panel showing examples of 
HSA21 genes that are clearly co-expressed (e.g., IFNAR1 vs IFNGR2, DYRK1A vs ZBTB21) versus those are 
not co-expressed and are actually anti-correlated (e.g., IFNAR1 vs ATP5PO, DYRK1A vs CSTB). These 
results are shared in new Extended Data Fig. 1e. In the future, we hope to expand on these observations 
to elucidate the impacts of variegated overexpression of HSA21 genes in Down syndrome. 

Regarding the comment about how many inflammatory signatures are related to IFN signalling, this is a 
difficult question to answer with precision, as our collective understanding of IFN-regulated pathways 
continues to evolve. Whereas many inflammatory pathways are considered to act downstream of IFN 
signalling (e.g., IL6 signalling, TNFα signalling), these same pathways can also be activated by other 
immune stimuli. In other words, it is formally possible that the inflammatory profile of Down syndrome 
contains both IFN-dependent and IFN-independent components, which was a key motivation for our 
experiments in the mouse model, leading to the important conclusion that the immune hypersensitivity 
to viral mimetics observed in Dp16 mice requires a third copy of the Ifnr locus. Nevertheless, we remain 
open minded about the possibility that individuals with Down syndrome also experience alternative, 
IFN-independent inflammatory processes. 

Lastly, regarding the question as to whether the inflammatory signatures in the transcriptome are 
driven by genes encoded on HSA21, the answer is no, the bulk of these signatures is composed of genes 
encoded elsewhere in the genome. We published a comparative pathway analysis including or excluding 



 
 

 

26 
 

 

 

HSA21 genes back in 2016using transcriptome data generated 
from 6 pairs of skin fibroblasts with or without trisomy 2121, 
showing that IFN signatures are still the top signature of the 
transcriptome changes even when removing HSA21 genes. This 
remains true for the much larger whole blood transcriptome 
analysis shared in this manuscript (400 samples), and we share 
here with Reviewers the full GSEA analysis with and without the 
HSA21 genes (Fig. R2). 

2. What is most impressive is the creation of and results from the 
mouse model with normalized copy number for Interferon 
receptor gene cluster, which they report prevents several major 
DS-related hallmarks in Dp16 mice. In this context, it is important 
that the comparison of WT, Dp16, Dp162xIFNRs mice, for all 
these assays, was done between mice/embryos for which there is 
essentially no difference in genetic backgrounds. In reading the 
methods, I surmise that this is the case, and that the comparisons 
were done between littermates with different genotypes, not 
pups for different litters….and not with differences in genetic 
backgrounds. This is important to the whole study, and assuming 
my reading is correct, the comparison of mice from the same 
litter and background should be briefly highlighted in the text. 
(Should there be any caveats to this, or complicating factors, this 
should be acknowledged and important to address in revision.) 

Response: The Reviewer is correct in the sense that all 
experiments were done between mice/embryos for which there 
is essentially no difference in genetic backgrounds, which was 
achieved by employing animals from the same litters to power 
each comparison arm. Nevertheless, naturally, the number of animals of each genotype varied 
somewhat from one litter to another. However, when multiple litters are employed and the littermates 
randomly combined to achieve enough numbers in each genotype arm, the impacts of any potential 
genetic drift are minimized. To make this clear to readers, we added the following sentence in the 
‘Animal Husbandry’ section of the Methods: 

“In order to power the comparison arms representing each genotype in this study (i.e., WT, Dp16, 
Dp162xIfnrs, WT1xIfnrs), multiple litters were combined, where each litter contributed randomly to the sum of 
each cohort, thus minimizing the impact of any potential shift in genetic background.” 

With that being said, in the experiments investigating differences in timelines of reaching 
developmental milestones, which could be very sensitive to litter size and maternal care, we accounted 

 

Fig. R2. Gene set enrichment analysis (GSEA) 
of transcriptome changes observed in the 
whole blood of individuals with Down 
syndrome versus age- and sex-matched 
euploid controls using all genes detected 
(left) or removing the genes encoded on 
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for potential impacts of litter in our statistical analysis, as described in the Methods section under 
‘Developmental Milestones’. The exact description is pasted here: 

“To test for differences in the chance of success in achieving each developmental milestone, results were 
treated as time-to-event data and analysed using a mixed effects Cox regression approach using the 
survival (version 3.2-722), coxme (version 2.2-1623), emmeans (version 1.5.124) and broom (version 0.7.925) 
packages in R. Models for each milestone were generated using the coxme() function from the coxme 
package with a time-to-event survival object as the outcome variable, genotype as the variable of 
interest, and with adjustment for sex and sex*genotype interaction as fixed effects and litter as a 
random effect.” 

3. In order to make the mice, the authors first deleted one copy of the IFNR gene cluster from WT 
mice….. thereby creating mice monosomic for the IFNR genes….but there is no mention of anything 
about these monosomic mice. Their diagram indicates monosomic mice would represent 25% of F1 
pups….. so were these mice noticeably impacted in any way? This is interesting in general, but also has 
some relevance to the dosage sensitivity of IFNR genes….so there should be at least some brief 
summary about this. Do the authors think that monosomy for IFNR genes is more benign than trisomy 
for these genes? 

Response: We agree with the Reviewers that the monosomic WT1xIfnrs mice are worthy of further study, 
although probably for other scientific inquiries related to IFN signalling. For the purpose of our work, 
which was focused on understanding the impacts of correcting Ifnr copy number in the Dp16 model, we 
did not characterize them in great detail, being excluded from most experiments, and only use them as 
controls in a few experiments to monitor Ifnr expression (e.g., Fig. 3a).We look forward to being able to 
share these animals with the community to empower additional studies. 

In response to the Reviewers question, we hypothesize that these animals will be immunocompromised 
(both WT0xIfnrs and WT1xIfnrs), as they should be unable to mount appropriate IFN responses across all 
three types of IFN signalling. This may be manifested as greater susceptibility to pathogens, particularly 
viruses. Whether or not they would present developmental phenotypes or other phenotypes not clearly 
related to immune function would warrant further investigation. 

4. The evidence that the IFNR correction prevents the heart defects is particularly striking….. even in 
embryos in which I would assume there are not immune insults? I was pleased to see that the analysis of 
embryos was done blind to their genotypes. However, a significant question comes up in Figure 3F. In 
transcriptomic analysis of E15.5 heart tissues, why are the differences in DP16/WT comparisons almost 
the same as in Dp162xIFNRs/WT comparisons? The IFNR-corrected Dp16 mice transcriptomes should be 
more similar to WT if so much is driven by the IFNR genes, but these results suggest that very similar 
pathways are dysregulated by other mechanisms independent of trisomy for the IFNR cluster. I 
understand that the Dp16 versus Dp162xIFNRs comparison shows some difference, but it is surprising 
and important that this data shows that mice with normalized IFNR gene dosage still have dysregulation 
of the key pathways that include: IFN alpha response, IFN gamma response, inflammatory response, IL6 
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Jak Stat3 signalling, IL2 Jak Stat2 signalling. These pathways seem central to this paper, but this point is 
not discussed. Is it a discrepancy that warrants substantial softening of the impression that 
inflammation is driven by or mostly by the IFNR gene cluster, or how do the authors explain it? 

Response: We appreciate this comment and welcome the opportunity to further elaborate on these 
results both here in the response to Reviewers and in the revised manuscript. The Reviewers may 
appreciate that in the revised manuscript we describe the results of six new transcriptome analysis from 
tissues relevant to the phenotypes described: adult mesenteric lymph nodes, embryonic heart (two 
different time points, E12.5 and E18.5) and adult heart, embryonic neural crest-derived facial 
mesenchyme at E10.5, and adult brain tissue. Throughout the manuscript, as relevant to each chapter 
and figure, we emphasize several key points that address the Reviewers comments: 

First, correction of Ifnr locus copy number restores normal Ifnr expression while largely preserving 
overexpression of the other triplicated genes. 

Second, as noted by the Reviewers, correction of Ifnr copy attenuates only some specific pathways in 
each tissue, and these vary from tissue to tissue, while preserving many other transcriptome changes. 
This is a very important result throughout the manuscript: a mere 50% reduction in the expression of 
only 4 of the ~120 triplicated genes suffices to rescue (totally or partially) many hallmarks of Down 
syndrome while attenuating only a small fraction of the transcriptome changes caused by the trisomy. 
This indicates that although the other ~120 triplicated genes continue to exert their effects on diverse 
signalling pathways, the relatively small contribution of the Ifnr locus to gene expression changes is key 
for full penetrance and/or severity of major phenotypes. 

Third, the contribution of Ifnr triplication to the global transcriptome changes varies both from one 
tissue to another and also in the same organ at different developmental time points. For example, in 
new Fig. 2c, we highlight how the global attenuation of gene expression changes is minimal in lymph 
nodes, but very striking in brain tissue. Likewise, Ifnr triplication contributes to many global 
transcriptome changes in the developing heart (E12.5), but less so in the adult heart (see new Fig. 4e). 
Furthermore, the contribution of Ifnr locus triplication to the same pathway may vary drastically across 
tissues. For example, Ifnr triplication contributes to signs of increased cell proliferation in lymph nodes 
(new Fig. 3c), potentially indicative of elevated immune activity, but also to signs of decreased cell 
proliferation in the developing heart and facial mesenchyme (new Fig. 4f-g and Fig. 6i-j). 

The Reviewers are correct in the sense that some inflammatory signatures are still elevated in the 
Dp162xIfnrs mice. For example, in the lymph nodes, IL2 STAT5 signalling is elevated in both Dp16 and 
Dp162xIfnrs mice relative to WT animals. However, the mild dampening in the dysregulation of these 
genes observed in Dp162xIfnrs suffices to produce a significant decrease in the score for this signature 
when comparing Dp162xIfnrs to Dp16 (Fig. 3c). Similar observations are made in the developing heart. 
Altogether, these results relate to our response above commenting about IFN-dependent versus IFN-
independent inflammation in Down syndrome. Clearly, not all inflammatory signalling in Down 
syndrome depends on a third copy of the Ifnr locus, and we make this point explicit in the revised text. 
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Hypothetically, other triplicated genes may also contribute to immune dysregulation in Down syndrome, 
and there is also the possibility that the triplication of a large genomic fragment could trigger a form of 
inflammation independent of gene content. For example, cellular stress from extra DNA, even from a 
Roberstonian translocation26, and resulting activation of Damage Associated Molecular Patterns 
(DAMPs)27, 28 could still be activating IFN signalling in the absence of increased Ifnr gene dosage by 
increasing levels of IFN ligands and/or alternative mechanisms. We have revised the Discussion to 
acknowledge these potential alternative mechanisms. 

The Reviewers also highlight a very important observation: the developing heart shows signs of immune 
dysregulation even in the absence of any known immune stimuli.  In these experiments, the mice were 
housed in specific pathogen free conditions. Of note, various IFN ligands are made throughout fetal 
development (e.g., Type III IFNs constitutively produced by syncytiotrophoblasts)8, 29. We hope that 
future studies building on these data will focus on the source of IFN-hyperactivity in utero (e.g., tonic 
signalling or various IFN ligands) to aid in development of preventative and/or therapeutic treatments of 
phenotypes modulated by increase dosage of the Ifnr locus in Down syndrome. 
 
5. The evidence for correction or mitigation of “cognitive” deficits and craniofacial changes are both 
surprising, with important implications. Analysis of memory and learning deficits in mice can be tricky or 
potentially subjective, so I was pleased to see this analysis was also done blind, perhaps worth a 
mention in the text. While not required here, it is generally the case that it is good to have independent 
analysis and corroboration from an independent lab…. which I assume will come in the future. If any of 
these findings are difficult to interpret, it would be fine to acknowledge any limitations in Discussion. 

Response: Thanks for these comments, which prompted us to extend the description of blind analysis of 
the cognitive testing in adult mice. Experimenters were blinded to genotype, but of course Dp16 animals 
are slightly smaller and have differences in craniofacial morphology that may be noticed by some 
trained personnel. We hope to include independent analysis and corroboration from an independent lab 
in the future. We also hope that our detailed methods will help with reproducibility by other labs. For 
now, we are encouraged to see that our results align with previous publications reporting the benefits of 
broad anti-inflammatory agents in Dp16 and other comparable mouse models30, 31, further reinforcing 
the notion that inflammation contributes to the cognitive profile of Down syndrome, and we made sure 
to cite these studies. 

6. It is understandable that the emphasis is placed on phenotypes that have been ameliorated, but the 
authors should comment somewhat more about any phenotypes not mitigated by reducing IFNRs to 
disomy…. this of interest too. For example, Fig 2e does not show significant difference in weight loss 
between Dp16 and Dp162xIFNRs on exposure to viral mimetic. Similarly in Figure 3h-j, there isn’t a 
significant difference between the Dp162xIFNRs , DP16 and WT mice. Is reducing IFNR dosage sufficient 
to maintain homeostasis in pathways regulating interferon alpha response, oxidative phosphorylation 
and Myc targets. Finally, it is noted that motor co-ordination in Dp162xIFNRs and DP16 mice do not 
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show much rescue. Please comment on other readily apparent phenotypes if present in Dp16, such as 
effects on longevity or size. 

Response: We are grateful for this comment, which inspired us to include another Dp16 phenotype that 
was not rescued in Dp162xInfrs: decreased neonatal size/growth. It is well established that Dp16 neonates 
are smaller than wild type littermates, and this is not different in Dp162xIfnrs. We share this result in new 
Extended Data Fig. 5c to accompany the results demonstrating the rescue of developmental delays, 
which are clearly not matched by increased neonate size/growth. Guided by the Reviewer’s comments, 
we have highlighted in multiple places the instances where there is no rescue or partial rescue of 
phenotypes (or gene expression changes) in Dp162xIfnrs.  

Minor comments 

1. Figure 1c in legend is mislabeled as “b” 

Response: Thanks for catching this oversight, which is now corrected.  

2. Extended data figure 1e: There seems to be a red triangle on the figure above IFNAR1 gene which 
hasn’t been explained in the legend. What does it imply for? 

Response: Thanks for noticing this, the triangle in volcano plots is used when the q value (or p value) is 
smaller than what the code can calculate, basically 0, which in this case applies to the gene KCNJ15. We 
have clarified this in the figure legend. 
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Decision Letter, first revision: 
4th Jan 2023 
 
 
Dear Dr Espinosa, 
 
Your Article, "Interferon receptor locus dosage determines diverse hallmarks of Down syndrome" has 
now been seen by 4 referees (Reviewers #3 and #4 reviewed together). You will see from their 
comments below that while they find your work of interest, some important points are raised. We are 
interested in the possibility of publishing your study in Nature Genetics, but would like to consider 
your response to these concerns in the form of a revised manuscript before we make a final decision 
on publication. 
 
You'll see that Reviewer #1 remains unconvinced by some of your genetics data, whereas Reviewers 
#3 and 4 voice issues with the transcriptomic data. At this stage, we are not asking for further 
experiments (although you are welcome to include new data if you wish), but we do think that you 
need to carefully go through the manuscript and tone down some of your conclusions (Reviewers #3,4 
provide some suggestions). 
 
We therefore invite you to revise your manuscript taking into account all reviewer and editor 
comments. Please highlight all changes in the manuscript text file. At this stage we will need you to 
upload a copy of the manuscript in MS Word .docx or similar editable format. 
 
We are committed to providing a fair and constructive peer-review process. Do not hesitate to contact 
us if there are specific requests from the reviewers that you believe are technically impossible or 
unlikely to yield a meaningful outcome. 
 
When revising your manuscript: 
 
*1) Include a “Response to referees” document detailing, point-by-point, how you addressed each 
referee comment. If no action was taken to address a point, you must provide a compelling argument. 
This response will be sent back to the referees along with the revised manuscript. 
 
*2) If you have not done so already please begin to revise your manuscript so that it conforms to our 
Article format instructions, available 
<a href="http://www.nature.com/ng/authors/article_types/index.html">here</a>. 
Refer also to any guidelines provided in this letter. 
 
*3) Include a revised version of any required Reporting Summary: 
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https://www.nature.com/documents/nr-reporting-summary.pdf 
It will be available to referees (and, potentially, statisticians) to aid in their evaluation if the 
manuscript goes back for peer review. 
A revised checklist is essential for re-review of the paper. 
 
Please be aware of our <a href="https://www.nature.com/nature-research/editorial-policies/image-
integrity">guidelines on digital image standards.</a> 
 
Please use the link below to submit your revised manuscript and related files: 
 
[redacted]  
 
<strong>Note:</strong> This URL links to your confidential home page and associated information 
about manuscripts you may have submitted, or that you are reviewing for us. If you wish to forward 
this email to co-authors, please delete the link to your homepage. 
 
We hope to receive your revised manuscript within four to eight weeks but we can be flexible with this 
deadline. If you cannot send it within this time, please let us know. 
 
Please do not hesitate to contact me if you have any questions or would like to discuss these revisions 
further. 
 
Nature Genetics is committed to improving transparency in authorship. As part of our efforts in this 
direction, we are now requesting that all authors identified as ‘corresponding author’ on published 
papers create and link their Open Researcher and Contributor Identifier (ORCID) with their account on 
the Manuscript Tracking System (MTS), prior to acceptance. ORCID helps the scientific community 
achieve unambiguous attribution of all scholarly contributions. You can create and link your ORCID 
from the home page of the MTS by clicking on ‘Modify my Springer Nature account’. For more 
information please visit please visit <a 
href="http://www.springernature.com/orcid">www.springernature.com/orcid</a>. 
 
We look forward to seeing the revised manuscript and thank you for the opportunity to review your 
work. 
 
Sincerely, 
 
Safia Danovi 
Editor 
Nature Genetics 
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I would like to thank the authors for the additional experiments performed and for the explanations 
offered. 
 
Whilst some of my concern were adequately addressed I am afraid that key aspect of the study which 
is the IFN genes are major drivers of cardiac and perhaps cognitive issues remains largely the same as 
in the first iteration. 
 
For me to judge this in earnest as a cause of pathology I simply need more suggested experiments 
that would address this directly. 
 
 
 
Reviewer #2: 
Remarks to the Author: 
I really enjoyed the initial manuscript and found the conclusions to be a potentially important 
contribution. In this revision, the authors added significant new data including comprehensive 
transcriptome analysis of their new mouse model that further strengthens their conclusions. 
In addition, the authors addressed all of my other minor concerns. 
In light of these changes, I think this manuscript should be published. I believe that it will be a major 
contribution to the field! 
 
 
 
Reviewer #3: 
Remarks to the Author: 
Re-review of Waugh, Espinosa Interferon Dp16 Mouse 
Overall, I continue to think that the main novelty and important part of this study is the creation and 
phenotypic analysis of Dp16 mice for which the INFR gene cluster has been deleted (reduced to 
disomy). The data showing normalization of heart defects (now Figure 4 D) is particularly striking and 
appears to be done on a sufficient number of animals to support that triplication of the IFNR locus is a 
necessary component of the Dp16 congenital heart defects. Since the heart tissue is removed from 
mice and dissected, investigators would do this analysis blind. It is also an important finding that 
craniofacial abnormalities and cognitive defects are substantially mitigated, although I find analysis of 
those traits potentially a little less “concrete” because they cannot be done blind (given obvious size 
difference between mice). (So many studies of DS mice have reported correction of cognitive deficits, 
even though they target different mechanisms!) Nonetheless, this phenotypic part of the study, 
particularly the heart, shows very important, novel observations for the field with the high significance 
appropriate for Nature Genetics. 
While I recognize that the new experimental work added was to expand the transcriptomics analysis, I 
regrettably must say that this part of the study is less conclusive and impactful in my opinion (and, 
independently, that of the co-reviewer). Some of these results do support a correlation between 
expression of one or more of the IFNR genes and other non-Chr21 DEGs and pathways, but this 
largely makes a similar point to prior studies from this group which focus on interferon-related genes 
in trisomic samples. These findings are correlative and there are substantial examples that do not fit 
this theme, so these results and interpretations are a less clear (even “muddy”) part of the study. 
With more data presented than readers can likely digest fully, the data and interpretation that best fits 
the “IFNR dosage” thesis is emphasized. It is only because of the mouse knock-out of the IFNR cluster 
that the link between phenotypes and IFNR dosage is persuasive, not because of the transcriptomics. 
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For example, the added data or responses do not really address the question posed in my last review. 
Point 1 in my prior review pointed to a discrepancy in Fig 3F (which is now Fig 4F): 
“However, a significant question comes up in Figure 3F. In transcriptomic analysis of E15.5 heart 
tissues, why are the differences in DP16/WT comparisons almost the same as in Dp162xIFNRs/WT 
comparisons? The IFNR-corrected Dp16 mice transcriptomes should be more similar to WT if so much 
is driven by the IFNR genes, but these results suggest that very similar pathways are dysregulated by 
other mechanisms independent of trisomy for the IFNR cluster. I understand that the Dp16 versus 
Dp162xIFNRs comparison shows some difference, but it is surprising and important that this data 
shows that mice with normalized IFNR gene dosage still have dysregulation of the key pathways that 
include: IFN alpha response, IFN gamma response, inflammatory response, IL6 Jak Stat3 signaling, 
IL2 Jak Stat2 signaling. These pathways seem central to this paper, but this point is not discussed. Is 
it a discrepancy that warrants substantial softening of the impression that inflammation is driven by or 
mostly by the IFNR gene cluster, or how do the authors explain it?” 
 
In response the authors state that they agree with this “important” point, but the caveat added to the 
text seems to understand the degree of disconnect (shown in Fig 4F) and its significance. “In Dp16 
247 2xIfnrs mice, many, but certainly not all, of 248 these gene expression changes are 
attenuated….”. However, Figure 4F seems to show that correction of the IFNR gene dosage in DP16 
mice did not reduce the high inflammatory signatures much relative to wild-type levels. (Results seem 
to indicate that the DP16 inflammatory pathways based on RNAseq are largely due to other genes on 
Chr21.) Now that more space is devoted to transcriptomics, this point is made more central to the 
study, as it is framed as addressing the “mechanism” of how IFNR dosage impacts DS phenotypes. 
But the additional transcriptome analysis on different tissues mostly just further shows how variable 
(and unpredictable) these pathways and relationships are. Another important example of this is the 
inexplicable drop in Stat-phosphorylation in the IFNR corrected mice, well below wild-type levels 
(Figure 4b). 
Specific Recommendations: 
1. The authors have done an elegant experiment to delete the IFNR cluster from the DP16 mice and 
show mitigation of phenotypes. This is the heart of this study, and it is not necessary to claim that the 
transcriptomics shows IFNR genes control certain pathways, because the gene deletion connects IFNR 
dosage to phenotypes. I realize more transcriptomics may have been added in response to a reviewer, 
but ranscriptomics will be impacted by differences in tissue samples, cell composition, or state of 
individual blood samples, which may explain the variation in chr21 gene expression, or the correlation 
of certain chr21 genes with certain DEGs etc. The tendency to interpret this part of the study in a way 
that minimizes the substantial caveats can detract from the more important and clearer findings. In 
final editing I recommend the authors go through the text with this in mind….the strong evidence that 
the IFNR genes cause part of the DS phenotype is the phenotypic analysis of the engineered mouse, 
not really the transcriptomics. 
2. Related to above, in response the authors state that a central finding is that phenotypes are 
corrected by IFNR dosage even though much of the transcriptome differences are not. But this could 
be stated more clearly as a “finding” in results rather than just mention it as an “aside” after 
conveying that the main finding is that the IFNR genes are linked to the transcriptomic inflammatory 
pathways. 
3. A sentence has now been added to the Discussion acknowledging that the results show IFNR 
triplication is a necessary contributor (for DS malformations), but not necessarily sufficient….other 
chr21 genes may well contribute. The title should be modified accordingly from “IFNR dosage 
determines” to “IFNR dosage is a determinant of” or “contributes to” or “is necessary for”. 
4. I did not readily find (in Results or Methods) the information as to how many mice were analyzed 
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for the craniofacial abnormalities. The number of mice analyzed for each phenotypic assay should be 
on the figure or in the results section (as well as Methods), as this is critical to the strength of the 
analysis. If the number for cranio-facial abnormalities was small, the conclusion should be softened 
accordingly. 
5. The Discussion seems to advocate the potential of therapeutic interventions with anti-
inflammatories based on these (and other) findings. It would be prudent to mention in this context 
that other studies have reported mitigation of DS mouse model phenotypes based on several different 
mechanisms and drugs, and it remains to be seen which may be relevant to humans. 
 
Despite reservations about part of this study, I remain enthusiastic about the major novel findings 
that alone are worthy of publication. 
 
 
 
Reviewer #4: 
Remarks to the Author: 
Overall, I continue to think that the main novelty and important point here is the creation and 
phenotypic analysis of Dp16 mice for which the INFR gene cluster has been deleted. The data showing 
normalization of heart defects (now Figure 4 D) is particularly striking and appears to be done on a 
sufficient number of animals to support the important conclusion: that triplication of the IFNR locus is 
a necessary component of the Dp16 congenital heart defects (of similar type to human DS). It is also 
noteworthy that craniofacial abnormalities and cognitive defects are largely mitigated, although I find 
analysis of those traits potentially a little less “concrete” in that they cannot be done blind (given 
obvious size difference between mice). Nonetheless, very important observations for the field that 
have significance appropriate for Nature Genetics. 
As stated in prior review, the part of the study focused on transcriptomic changes in human blood or 
mice is less novel and less persuasive to this reviewer (and independently also to the co-reviewer). 
The authors did significant work to add more transcriptomic data on different tissues and ages, which 
I realize may have been prompted by questions from one reviewer. However, for the most part the 
additional transcriptomics results reinforce a point made in my prior review, that the transcriptomic 
data was over-emphasized and interpreted to support that correction of the IFNR gene dosage 
corrected inflammatory pathways. It is hard for any reader to fully digest all these transcriptomic 
results but they appear to be “all over the place”, in terms of which Interferon/inflammation 
genes/pathways are impacted. It also does not really address the question posed in the last review. 
Point 1 in my prior review pointed to a discrepancy in Fig 3F (which is now Fig 4F): 
“However, a significant question comes up in Figure 3F. In transcriptomic analysis of E15.5 heart 
tissues, why are the differences in DP16/WT comparisons almost the same as in Dp162xIFNRs/WT 
comparisons? The IFNR-corrected Dp16 mice transcriptomes should be more similar to WT if so much 
is driven by the IFNR genes, but these results suggest that very similar pathways are dysregulated by 
other mechanisms independent of trisomy for the IFNR cluster. I understand that the Dp16 versus 
Dp162xIFNRs comparison shows some difference, but it is surprising and important that this data 
shows that mice with normalized IFNR gene dosage still have dysregulation of the key pathways that 
include: IFN alpha response, IFN gamma response, inflammatory response, IL6 Jak Stat3 signaling, 
IL2 Jak Stat2 signaling. These pathways seem central to this paper, but this point is not discussed. Is 
it a discrepancy that warrants substantial softening of the impression that inflammation is driven by or 
mostly by the IFNR gene cluster, or how do the authors explain it?” 
 
In response the authors state that they agree with this and agree it is an important point, so they 
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state in the text that there are interferon-independent inflammatory signatures (presumably due to 
other chr21 genes, or extra DNA?). Expanded transcriptome analysis on different tissues further 
shows how variable (and unpredictable) , and which genes/pathways varies (unpredictably) in 
different tissues and ages etc. While they now mention this “caveat” in the text, it still seems that 
there is imbalanced emphasis (cherry-picking?) on examples that can support a relationship of some 
inflammation-related genes/pathway to INFR dosage, even though there seems perhaps similar weight 
of evidence to the contrary. As noted in the first review, this point seems central to the thesis of this 
paper, particularly because the so much space and data is devoted to arguing that various 
transcriptome changes are due to IFNR gene dosage. This part of this study depends on more strained 
interpretations of complex data, and in our view is the ”muddier” (and less novel) aspect of this study. 
Title should be reflect the change in claim (correct), that IFNR cluster is necessary, does not show that 
it is sufficient. So “determines” seems to suggest it is sufficient. Therefore, change to “is a 
determinant of” or “is necessary for” 
1) First sub-heading “SOME or SEVERAL inflammatory signatures correlate with IFNR gene triplication 
  
 

Author Rebuttal, first revision: 
Response to Referees – Manuscript NG-A60025-T by Waugh et al. 

Reviewer #1. 

Remarks to the Author 

I would like to thank the authors for the additional experiments performed and for the explanations 
offered. 

Whilst some of my concern were adequately addressed I am afraid that key aspect of the study which is 
the IFN genes are major drivers of cardiac and perhaps cognitive issues remains largely the same as in 
the first iteration. 

For me to judge this in earnest as a cause of pathology I simply need more suggested experiments that 
would address this directly. 

Response: We are grateful for the overall positive assessment and constructive critiques by Reviewer 
#1. 

First, we would like to note that the revised manuscript has been thoroughly revised to make sure that 
there is no description of individual ‘Ifnr genes’ as the major drivers of the phenotypes studied, referring 
instead to the ‘Ifnr locus’ as a whole. These modifications have been introduced to the title and abstract 
as well. With that being said, we believe that the most parsimonious interpretation of our results is that 
overexpression of one or more of the Ifnrs is contributing to the phenotypes studied. While we agree 
with the Reviewer that we cannot fully disregard other effects of the 192 kb genomic deletion (e.g., non-
coding RNAs, cis-regulatory elements), such alternative explanations are, in our opinion, less likely. 

With regards to additional experiments that would more clearly tie the individual Ifnr genes to the 
various phenotypes, we described in our previous response the difficulties of performing experiments 
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with anti-IFNR antibodies as originally proposed by the Reviewer. As the Reviewer noted initially, ‘this 
might be difficult in the developing embryo’. 

The next logical step would be to employ knockout mice for the individual Ifnr genes (i.e., Ifnra1-/-, Ifnr2-

/-, Ifngr2-/-, Il10rb-/-) using short deletions or point mutations. The results in our manuscript justify the 
pursuit of these additional experiments by others in the field and our own team in the near future, but 
we believe that embarking on these expensive and lengthy experiments at this point would cause 
unnecessarily delays in the publication of the important results in the current manuscript. 

In a way, the Reviewer is reviving an important discussion that our team had nearly six years ago at the 
onset of the project, when we had to decide whether to knock out all four Ifnr genes at once, or to test 
the contributions of individuals Ifnr genes. After much deliberation, the potential for cooperative and 
redundant effects of the four Ifnrs on downstream signaling pathways guided our decision that it would 
be more valuable to investigate the impacts of deleting the entire locus first. Then, if interesting results 
were obtained, to embark on subsequent testing of the individual Ifnr gene knockouts. 

With regards to other additional experiments that could further dissect a cause-effect relationship 
between Ifnr overexpression and the diverse phenotypes studied, we believe the extensive 
transcriptome analysis provided in this manuscript will guide us and others in the design and completion 
of these follow up experiments. For example, in the developing heart, correction of Ifnr locus dosage 
attenuates gene expression changes indicative of decreased cell proliferation. These results can then 
help others in the field and our own team investigate this phenomenon in depth. For example, which 
IFNRs, IFN ligands, and downstream JAK kinases are involved in this phenomenon? What cell types are 
most affected by such impaired cell proliferation? What IFN-stimulated genes may cause decreased 
proliferation in the developing heart? Clearly, the possibilities here are many and fascinating, and we 
look forward to embarking on these investigations in the future. 

While we empathize with the Reviewer’s desire to see more experiments for some of the phenotypes 
described (e.g., cardiac, cognitive), and we share the same curiosities, we adhere to our decision to 
describe in a single manuscript all the phenotypes that we found were affected by Ifnr locus dosage, at 
the expense of fully characterizing each individual phenotype. We hope the Reviewer will agree that an 
extensive investigation of each phenotype affected by the Ifnr locus will be worthy of future 
investigations described in separate publications. 

Prompted by the Reviewer’s comment, we have revised the text, both in the Results and Discussion 
sections, to acknowledge the current limitations of the study and the need for additional research. For 
example, key passages that directly address the Reviewer’s comments are: 

Opening paragraph of the Discussion: Nevertheless, it is also possible that some of the effects observed 
are due to other events affected by triplication of this 192 kb genomic locus, including potential 
contributions from non-coding RNAs and cis-regulatory elements. 
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Later in the Discussion, when discussing the cardiac phenotypes: Therefore, additional research is 
needed to illuminate the mechanisms by which the Ifnr locus contributes to CHD, including a dissection of 
the roles of specific Ifnr genes, IFN ligands, downstream signalling cascades, and ISGs in heart 
development. 

Once more in the Discussion, near the final closing statement: An increasing appreciation about the role 
of maternal and foetal antiviral immunity in development of congenital disease supports the need for 
additional research to dissect which of the IFNRs, their specific ligands, and downstream kinases 
contribute to the diverse phenotypes of DS, as well as the safest and most effective therapeutic 
interventions. 

--- 
Reviewer #2. 

Remarks to the Author 

I really enjoyed the initial manuscript and found the conclusions to be a potentially important 
contribution. In this revision, the authors added significant new data including comprehensive 
transcriptome analysis of their new mouse model that further strengthens their conclusions. 
In addition, the authors addressed all of my other minor concerns. 

In light of these changes, I think this manuscript should be published. I believe that it will be a major 
contribution to the field! 

Response: We are grateful for the overall positive assessment from Reviewer #2. 

--- 

Reviewer #3 

Remarks to the Author 

Overall, I continue to think that the main novelty and important part of this study is the creation and 
phenotypic analysis of Dp16 mice for which the INFR gene cluster has been deleted (reduced to disomy). 
The data showing normalization of heart defects (now Figure 4 D) is particularly striking and appears to 
be done on a sufficient number of animals to support that triplication of the IFNR locus is a necessary 
component of the Dp16 congenital heart defects. Since the heart tissue is removed from mice and 
dissected, investigators would do this analysis blind. It is also an important finding that craniofacial 
abnormalities and cognitive defects are substantially mitigated, although I find analysis of those traits 
potentially a little less “concrete” because they cannot be done blind (given obvious size difference 
between mice). (So many studies of DS mice have reported correction of cognitive deficits, even though 
they target different mechanisms!) Nonetheless, this phenotypic part of the study, particularly the 
heart, shows very important, novel observations for the field with the high significance appropriate for 
Nature Genetics. 
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While I recognize that the new experimental work added was to expand the transcriptomics analysis, I 
regrettably must say that this part of the study is less conclusive and impactful in my opinion (and, 
independently, that of the co-reviewer). Some of these results do support a correlation between 
expression of one or more of the IFNR genes and other non-Chr21 DEGs and pathways, but this largely 
makes a similar point to prior studies from this group which focus on interferon-related genes in 
trisomic samples. These findings are correlative and there are substantial examples that do not fit this 
theme, so these results and interpretations are a less clear (even “muddy”) part of the study. With more 
data presented than readers can likely digest fully, the data and interpretation that best fits the “IFNR 
dosage” thesis is emphasized. It is only because of the mouse knock-out of the IFNR cluster that the link 
between phenotypes and IFNR dosage is persuasive, not because of the transcriptomics. For example, 
the added data or responses do not really address the question posed in my last review. 

Point 1 in my prior review pointed to a discrepancy in Fig 3F (which is now Fig 4F): 
“However, a significant question comes up in Figure 3F. In transcriptomic analysis of E15.5 heart tissues, 
why are the differences in DP16/WT comparisons almost the same as in Dp162xIFNRs/WT comparisons? 
The IFNR-corrected Dp16 mice transcriptomes should be more similar to WT if so much is driven by the 
IFNR genes, but these results suggest that very similar pathways are dysregulated by other mechanisms 
independent of trisomy for the IFNR cluster. I understand that the Dp16 versus Dp162xIFNRs 
comparison shows some difference, but it is surprising and important that this data shows that mice 
with normalized IFNR gene dosage still have dysregulation of the key pathways that include: IFN alpha 
response, IFN gamma response, inflammatory response, IL6 Jak Stat3 signaling, IL2 Jak Stat2 signaling. 
These pathways seem central to this paper, but this point is not discussed. Is it a discrepancy that 
warrants substantial softening of the impression that inflammation is driven by or mostly by the IFNR 
gene cluster, or how do the authors explain it?” 

In response the authors state that they agree with this “important” point, but the caveat added to the 
text seems to understand the degree of disconnect (shown in Fig 4F) and its significance. “In Dp16 247 
2xIfnrs mice, many, but certainly not all, of 248 these gene expression changes are attenuated….”. 
However, Figure 4F seems to show that correction of the IFNR gene dosage in DP16 mice did not reduce 
the high inflammatory signatures much relative to wild-type levels. (Results seem to indicate that the 
DP16 inflammatory pathways based on RNAseq are largely due to other genes on Chr21.) Now that 
more space is devoted to transcriptomics, this point is made more central to the study, as it is framed as 
addressing the “mechanism” of how IFNR dosage impacts DS phenotypes. But the additional 
transcriptome analysis on different tissues mostly just further shows how variable (and unpredictable) 
these pathways and relationships are. Another important example of this is the inexplicable drop in Stat-
phosphorylation in the IFNR corrected mice, well below wild-type levels (Figure 4b). 

Response: We are grateful for Reviewer #3’s additional comments. As the Reviewer well notes, not all 
gene expression changes (including inflammatory gene signatures) observed in the transcriptome of the 
Dp16 mice are corrected by reduction of Ifnr locus dosage, pointing to the fact that other triplicated 
genes also contribute to the global changes generally and inflammatory signatures specifically.  
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Importantly, these results indicate that the phenotypes of Down syndrome could be ameliorated (even 
if partially) by interventions that only mildly attenuate gene expression changes in select dysregulated 
pathways. As the Reviewer noted, most of the gene expression changes caused by the genomic 
triplication in Dp16 are still observed in the Dp162xIfnrs mice, which is expected based on the fact that all 
other ~120 triplicated genes are still overexpressed in Dp162xIfnrs mice, but with noticeable attenuation in 
specific gene signatures. These results indicate that normalization of Ifnr locus dosage can affect 
phenotypes without a complete rescue of underlying gene expression changes caused by the trisomy, 
and even without fully rescuing inflammatory signatures. We believe the therapeutic implications of 
these findings are profound: the phenotypes of Down syndrome could be potentially ameliorated by 
targeting a few master regulators encoded on chromosome 21 (e.g., IFNRs, DYRK1A) without having to 
necessarily correct all processes dysregulated by the trisomy. We believe this conclusion is a source of 
optimism for the field and justifies the pursuit of therapies targeting key gene products encoded on 
chromosome 21. 

Following Reviewer’s guidance, we have revised the text to make these points more explicit, including 
the need to look beyond IFN signaling as a source of immune dysregulation in Down syndrome (please 
see tracked changes in the revised manuscript file). 

With regards to the value of the extensive additional transcriptome studies included in the revised 
manuscript, which we completed following Reviewer #2’s guidance, we believe these are an important 
addition to the manuscript, as they produce two key observations: 

1) The impact of Ifnr locus dosage on global transcriptome changes varies strongly from tissue to tissue, 
but also across development within the same tissue, as demonstrated by the three transcriptome 
studies of embryonic and adult heart tissue. 

2) The specific signaling pathways sensitive to Ifnr locus dosage also vary across tissues, an observation 
that will greatly aid future investigations to understand how elevated IFN signaling affects organ 
development and function in Down syndrome. For example, in the developing heart and embryonic 
facial mesenchyme, elevated IFN signaling may cause a decrease in cell proliferation, whereas in 
adult brain tissue, IFN signaling may cause dysregulation of synaptogenesis and dopamine signaling. 

While we agree with the Reviewer that the wealth of transcriptome data in the revised manuscript 
creates challenges in terms of narrative (‘muddy’, as the Reviewer would say), we also believe that these 
datasets will provide a very important resource to the field. Even without the Dp162xIfnrs strain, these 
transcriptome studies will greatly aid the field in understanding which pathways are dysregulated by the 
trisomy in different tissues. 

Specific Recommendations: 

1. The authors have done an elegant experiment to delete the IFNR cluster from the DP16 mice and 
show mitigation of phenotypes. This is the heart of this study, and it is not necessary to claim that the 
transcriptomics shows IFNR genes control certain pathways, because the gene deletion connects IFNR 
dosage to phenotypes. I realize more transcriptomics may have been added in response to a reviewer, 
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but transcriptomics will be impacted by differences in tissue samples, cell composition, or state of 
individual blood samples, which may explain the variation in chr21 gene expression, or the correlation of 
certain chr21 genes with certain DEGs etc. The tendency to interpret this part of the study in a way that 
minimizes the substantial caveats can detract from the more important and clearer findings. In final 
editing I recommend the authors go through the text with this in mind….the strong evidence that the 
IFNR genes cause part of the DS phenotype is the phenotypic analysis of the engineered mouse, not 
really the transcriptomics. 

Response: We appreciate this comment and agree with the Reviewer: it is the phenotypic analysis of the 
novel Dp162xIfnrs strain, not the accompanying transcriptome data, that constitutes the backbone of the 
manuscript. We have revised the text to highlight this fact. 

2. Related to above, in response the authors state that a central finding is that phenotypes are corrected 
by IFNR dosage even though much of the transcriptome differences are not. But this could be stated 
more clearly as a “finding” in results rather than just mention it as an “aside” after conveying that the 
main finding is that the IFNR genes are linked to the transcriptomic inflammatory pathways. 

Response: Thank you for this comment, we have modified the Results section to highlight this finding as 
suggested, rather than a commentary in the Discussion, along the lines of our response above. We have 
done this in multiple instances throughout the various chapters of the Results section (see tracked 
changes in the manuscript file). 

3. A sentence has now been added to the Discussion acknowledging that the results show IFNR 
triplication is a necessary contributor (for DS malformations), but not necessarily sufficient….other chr21 
genes may well contribute. The title should be modified accordingly from “IFNR dosage determines” to 
“IFNR dosage is a determinant of” or “contributes to” or “is necessary for”. 

Response: Thank you. The new title now reads: Interferon receptor locus dosage contributes to diverse 
hallmarks of Down syndrome. 

4. I did not readily find (in Results or Methods) the information as to how many mice were analyzed for 
the craniofacial abnormalities. The number of mice analyzed for each phenotypic assay should be on the 
figure or in the results section (as well as Methods), as this is critical to the strength of the analysis. If the 
number for cranio-facial abnormalities was small, the conclusion should be softened accordingly. 

Response: Thank you. We have made sure that all numbers of animals are described in the 
corresponding figure legends as instructed by editorial formatting guidelines. The number for the 
analysis of cranio-facial abnormalities was 6-7 animals per group as indicated in Figure 6 legend. 

5. The Discussion seems to advocate the potential of therapeutic interventions with anti-inflammatories 
based on these (and other) findings. It would be prudent to mention in this context that other studies 
have reported mitigation of DS mouse model phenotypes based on several different mechanisms and 
drugs, and it remains to be seen which may be relevant to humans. 
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Response: We agree with this comment, in the sense that anti-inflammatory strategies are just one 
potential avenue for therapeutic intervention in Down syndrome. We have revised the Discussion to 
acknowledge the existence of other valid strategies supported by results in animal models and pointed 
readers to important reviews summarizing the knowledge in this area. 

Despite reservations about part of this study, I remain enthusiastic about the major novel findings that 
alone are worthy of publication. 

--- 

Reviewer #4: 

Remarks to the Author: 

Overall, I continue to think that the main novelty and important point here is the creation and 
phenotypic analysis of Dp16 mice for which the INFR gene cluster has been deleted. The data showing 
normalization of heart defects (now Figure 4 D) is particularly striking and appears to be done on a 
sufficient number of animals to support the important conclusion: that triplication of the IFNR locus is a 
necessary component of the Dp16 congenital heart defects (of similar type to human DS). It is also 
noteworthy that craniofacial abnormalities and cognitive defects are largely mitigated, although I find 
analysis of those traits potentially a little less “concrete” in that they cannot be done blind (given 
obvious size difference between mice). Nonetheless, very important observations for the field that have 
significance appropriate for Nature Genetics. 

As stated in prior review, the part of the study focused on transcriptomic changes in human blood or 
mice is less novel and less persuasive to this reviewer (and independently also to the co-reviewer). The 
authors did significant work to add more transcriptomic data on different tissues and ages, which I 
realize may have been prompted by questions from one reviewer. However, for the most part the 
additional transcriptomics results reinforce a point made in my prior review, that the transcriptomic 
data was over-emphasized and interpreted to support that correction of the IFNR gene dosage 
corrected inflammatory pathways. It is hard for any reader to fully digest all these transcriptomic results 
but they appear to be “all over the place”, in terms of which Interferon/inflammation genes/pathways 
are impacted. It also does not really address the question posed in the last review. 

Point 1 in my prior review pointed to a discrepancy in Fig 3F (which is now Fig 4F): 
“However, a significant question comes up in Figure 3F. In transcriptomic analysis of E15.5 heart tissues, 
why are the differences in DP16/WT comparisons almost the same as in Dp162xIFNRs/WT comparisons? 
The IFNR-corrected Dp16 mice transcriptomes should be more similar to WT if so much is driven by the 
IFNR genes, but these results suggest that very similar pathways are dysregulated by other mechanisms 
independent of trisomy for the IFNR cluster. I understand that the Dp16 versus Dp162xIFNRs 
comparison shows some difference, but it is surprising and important that this data shows that mice 
with normalized IFNR gene dosage still have dysregulation of the key pathways that include: IFN alpha 
response, IFN gamma response, inflammatory response, IL6 Jak Stat3 signaling, IL2 Jak Stat2 signaling. 
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These pathways seem central to this paper, but this point is not discussed. Is it a discrepancy that 
warrants substantial softening of the impression that inflammation is driven by or mostly by the IFNR 
gene cluster, or how do the authors explain it?” 

In response the authors state that they agree with this and agree it is an important point, so they state 
in the text that there are interferon-independent inflammatory signatures (presumably due to other 
chr21 genes, or extra DNA?). Expanded transcriptome analysis on different tissues further shows how 
variable (and unpredictable) , and which genes/pathways varies (unpredictably) in different tissues and 
ages etc. While they now mention this “caveat” in the text, it still seems that there is imbalanced 
emphasis (cherry-picking?) on examples that can support a relationship of some inflammation-related 
genes/pathway to INFR dosage, even though there seems perhaps similar weight of evidence to the 
contrary. As noted in the first review, this point seems central to the thesis of this paper, particularly 
because the so much space and data is devoted to arguing that various transcriptome changes are due 
to IFNR gene dosage. This part of this study depends on more strained interpretations of complex data, 
and in our view is the ”muddier” (and less novel) aspect of this study. 

Response: We are grateful for Reviewer #4’s additional comments, and our response is similar to that 
offered to Reviewer #3 above, with some additions. As the Reviewer well notes, not all gene expression 
changes (including inflammatory gene signatures) observed in the transcriptome of the Dp16 mice are 
corrected by reduction of Ifrn locus dosage, pointing to the fact that other triplicated genes may also 
contribute to the global changes generally and inflammatory signatures specifically. Please see our 
response to Reviewer #3 above for more on this topic. 

With regards to the examples that we selected from the transcriptome analysis (the comment about 
‘cherry picking’), our choice of examples was guided by the results of the pathway analysis with an 
emphasis on pathways dysregulated in Dp16 but attenuated in Dp162xIfnrs. For example, in lymph nodes, 
this criteria led us to focus on gene signatures associated with cell proliferation (e.g., E2F targets), IL2 
STAT5 signaling and oxidative phosphorylation, in the developing heart this led to the choice of genes 
involved in the Interferon Alpha Response and cell proliferation (e.g., MYC targets), and in the brain this 
criteria led us to focus on synaptogenesis, SNARE signaling and dopamine signaling. As the Reviewer 
appreciates already, we had to selected only key salient examples to prevent a rather overwhelming 
narrative. 

Title should be reflect the change in claim (correct), that IFNR cluster is necessary, does not show that it 
is sufficient. So “determines” seems to suggest it is sufficient. Therefore, change to “is a determinant of” 
or “is necessary for” 

Response: Thank you. Following guidance by Reviewer #3, the new title now reads: Interferon receptor 
locus dosage contributes to diverse hallmarks of Down syndrome. 

1) First sub-heading “SOME or SEVERAL inflammatory signatures correlate with IFNR gene triplication” 
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Response: Thank you. The revised subheading now reads: Specific inflammatory signatures correlate 
with IFNR overexpression in Down syndrome. 

  
 

Decision Letter, second revision:   
22nd Feb 2023 
 
 
Dear Dr Espinosa, 
 
I hope you are well. 
 
Your Article, "Interferon receptor locus dosage contributes to diverse hallmarks of Down syndrome" 
has now been seen by Reviewers #3 and #4 who (as per the previous round of review) have provided 
a joint report. You will see from their comments below that while they find your work of interest, some 
important points are raised. We are interested in the possibility of publishing your study in Nature 
Genetics, but would like to consider your response to these concerns in the form of a revised 
manuscript before we make a final decision on publication. 
 
Overall, both reviewers agree that you have presented an important body of work that is likely to be 
of broad interest. However, they are concerns that the limitations of the work have not been 
appropriately defined and discussed. As such, their fear is that your data is open to over-interpretation 
by your readers. They have provided clear advice as to areas of the manuscript that need to be 
caveated and toned down and we would urge you to address their comments in full. Our intention 
would be to perform an in-house assessment of your changes when the revision comes back in but we 
might return to Reviewers #3 and #4 if necessary. 
 
Please highlight all changes in the manuscript text file. At this stage we will need you to upload a copy 
of the manuscript in MS Word .docx or similar editable format. 
 
We are committed to providing a fair and constructive peer-review process. Do not hesitate to contact 
us if there are specific requests from the reviewers that you believe are technically impossible or 
unlikely to yield a meaningful outcome. 
 
When revising your manuscript: 
 
*1) Include a “Response to referees” document detailing, point-by-point, how you addressed each 
referee comment. If no action was taken to address a point, you must provide a compelling argument. 
This response will be sent back to the referees along with the revised manuscript. 
 
*2) If you have not done so already please begin to revise your manuscript so that it conforms to our 
Article format instructions, available 
<a href="http://www.nature.com/ng/authors/article_types/index.html">here</a>. 
Refer also to any guidelines provided in this letter. 
 
*3) Include a revised version of any required Reporting Summary: 
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https://www.nature.com/documents/nr-reporting-summary.pdf 
It will be available to referees (and, potentially, statisticians) to aid in their evaluation if the 
manuscript goes back for peer review. 
A revised checklist is essential for re-review of the paper. 
 
Please be aware of our <a href="https://www.nature.com/nature-research/editorial-policies/image-
integrity">guidelines on digital image standards.</a> 
 
Please use the link below to submit your revised manuscript and related files: 
 
[redacted]  
 
<strong>Note:</strong> This URL links to your confidential home page and associated information 
about manuscripts you may have submitted, or that you are reviewing for us. If you wish to forward 
this email to co-authors, please delete the link to your homepage. 
 
We hope to receive your revised manuscript within four to eight weeks. If you cannot send it within 
this time, please let us know. 
 
Please do not hesitate to contact me if you have any questions or would like to discuss these revisions 
further. 
 
Nature Genetics is committed to improving transparency in authorship. As part of our efforts in this 
direction, we are now requesting that all authors identified as ‘corresponding author’ on published 
papers create and link their Open Researcher and Contributor Identifier (ORCID) with their account on 
the Manuscript Tracking System (MTS), prior to acceptance. ORCID helps the scientific community 
achieve unambiguous attribution of all scholarly contributions. You can create and link your ORCID 
from the home page of the MTS by clicking on ‘Modify my Springer Nature account’. For more 
information please visit please visit <a 
href="http://www.springernature.com/orcid">www.springernature.com/orcid</a>. 
 
We look forward to seeing the revised manuscript and thank you for the opportunity to review your 
work. 
 
Sincerely, 
 
Safia Danovi 
Editor 
Nature Genetics 
 
 
 
Reviewers' Comments: 
 
Reviewer #3: 
Remarks to the Author: 
Re-review of revised Nat Genet Jan 2023 IFNR genes in DS mouse model 
This was a large study with a lot of dense data, so it took some time to carefully re-read the 



 
 

 

49 
 

 

 

manuscript and consider the prior reviews and whether responses were adequate, and a qualified 
colleague independently provided assessments. As requested by the editor, I also considered concerns 
of Reviewer 1 and responses to them. Both Reviewer 1 and our perspective agree that the most 
impactful and novel aspect of this study is the creation of a mouse model deleted for the IFNR cluster 
and the more significant and unexpected findings that this prevented congenital heart defects as well 
as many cognitive deficits (as measured in mice). 
I previously commented that the transcriptomic data is quite inconsistent and rather “muddy” and that 
correlations do not provide strong evidence that the IFNR gene cluster causes the inflammatory 
signatures and immune-related pathways. The authors seem to agree that the findings are “muddy” 
but make the reasonable argument that it might be because the IFNR genes have different effects in 
different tissues at different times. This may be the explanation, and the authors have acknowledged 
these complications more in the manuscript, so they have sufficiently responded to those questions. 
I appreciate how much work this study represents, and I continue to feel it should be published in an 
impactful journal. However, in re-reading the study and various comments and responses, I have 
misgivings about this manuscript being published without more straightforward statements of the 
limitations. The phenotypic findings, if true in human Down syndrome, would be so important that the 
“take home” for this paper (or related news reports) will be read by families of people with DS, 
clinicians advising patients (about the proposed clinical trials!), biotech and pharmaceutical firms and 
investors, granting agencies etc. Even researchers in the DS field will not necessarily easily digest all 
the data and recognized substantial caveats. This concern might be most efficiently and effectively 
done with a “Limitations paragraph”, and some other edits, that make this caveats and questions 
clearer. 
Regarding Reviewer 1 comments, I surmise that they were not satisfied with the answers to their 
initial questions and comments that current human findings, and certain mouse studies, do not 
support that the IFNR triplication/over-expression causes congenital heart defects. I thought these 
were good questions, and would have preferred clear acknowledgement of such questions and 
limitations. However, from what I could tell the authors seem to respond by citing a number of studies 
that very indirectly or loosely are consistent with their thesis about IFNR triplication ….such as citing 
that rubella infection causing defects, or other types of IFN-related genes mutated causing effects. 
Reviewer 1 also cited a study which argued against this effect of IFNR triplication in a different DS 
mouse model and the authors explained this study may be underpowered (but didn’t acknowledge this 
significant question in the ms). I surmise that Reviewer 1 was not satisfied with these answers and 
thus in last round just briefly said they wanted more proof. Personally, I didn’t feel that knocking-out 
individual IFNR genes (as Reviewer 1 had suggested) should necessarily be required…..but on the 
other hand, I do think these major questions and caveats should be clearly acknowledged. 
1. There should be a clear upfront statement (in limitations paragraph) that this evidence is for one of 
the trisomic mouse models….. and the title and abstract should not conflate “Down syndrome” 
(implying human) with results in a mouse model. I realize now that the way the study (and abstract) 
is constructed it begins with correlative human transcriptome evidence that in DS inflammatory 
signatures are correlated with IFNR over-expression, but this is not persuasive evidence that the 
immune/inflammatory pathway are caused by IFNR triplication. (IFNR expression would seem logically 
correlated with inflammatory/immune pathways.) So the mouse study is the key evidence on which 
they conclude that there findings now justify therapeutic intervention (in humans)…..even prenatally” 
 
2. The limitations paragraph should somehow convey, as I stated previously, that there have been 
numerous “cures” of DS mouse models, by various mechanisms, but thus far this has not lead to a 
significant human therapeutic. It is also the case that results in different mouse models or different 
studies may disagree. I am hopeful that this particular finding about IFNR cluster as underlying so 
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many main phenotypes will prove a lasting one and be reproduced by others. I agree that this group 
and some others have strongly shown that there is excess inflammation in people with DS, and it 
seems plausible that anti-inflammatories could have some modest effect, particularly on respiratory 
infections etc. So if they are known not to be harmful, this may be justified for testing for modest anti-
inflammatory benefits. But this study will be read that there is a strong prospect that this will 
cure/mitigate so many phenotypes of DS…..it is important and fair to this population that any 
questions be made clear about whether IFNR triplication causes congenital heart and cognitive impact 
in humans…..before recommending prenatal treatments. I am concerned that the authors so clearly 
advocate that this mouse model finding justifies human therapeutics targeting IFNR pathways (JAK-
stat etc.)……even when their results show how complicated these pathways are to predict. 
 
3. In re-reading the manuscript, I noticed something related to a question I asked in my first review, 
regarding whether the monosomic IFNR mouse (used to breed and correct the trisomics) had any 
phenotype. I thought this interesting and relevant to whether IFNR genes are dosage sensitive. The 
authors responded that they didn’t study those mice, and I didn’t press this further, but in re-reading I 
see they don’t even mention this in the manuscript, and, moreover, brief information appears to 
indicate that they first made a mouse with NULLISOMY for the IFNR cluster (double-knock out!!). This 
mouse was then bred to generate the monsomic WT mouse, which they then bred to the Dp16 mice to 
reduce IFNR copy number. Is this correct…..did they make and breed mice with complete loss of both 
IFNR cluster alleles? If so, that is remarkable…..and is totally relevant to a paper that is focused on 
how dosage sensitive is IFNR triplication. If they indeed began with a complete double IFNR knock-
out, that should be in their diagram so it is not so hard to decipher in the manuscript. And something 
should be said that the monosomy or nullisomy for IFNR cluster does not have an obvious impact on 
development, phenotype or viability (but likely would I assume impact response to viruses). While this 
would not rule out a developmental impact of trisomy for IFNR, it does make such dosage sensitivity 
less likely or hard to understand and should be mentioned in this context. 
4. A comment from my prior review stated: “In transcriptomic analysis of E15.5 heart tissues, why are 
the differences in DP16/WT comparisons almost the same as in Dp162xIFNRs/WT comparisons? The 
IFNR-corrected Dp16 mice transcriptomes should be more similar to WT if so much is driven by the 
IFNR genes, but these results suggest that very similar pathways are dysregulated by other 
mechanisms independent of trisomy for the IFNR cluster. I understand that the Dp16 versus 
Dp162xIFNRs comparison shows some difference, but it is surprising and important that this data 
shows that mice with normalized IFNR gene dosage still have dysregulation of the key pathways that 
include: IFN alpha response, IFN gamma response, inflammatory response, IL6 Jak Stat3 signalling, 
IL2 Jak Stat2 signalling. These pathways seem central to this paper, but this point is not discussed. Is 
it a discrepancy that warrants substantial softening of the impression that inflammation is driven by or 
mostly by the IFNR gene cluster, or how do the authors explain it. 
I believe in revision the authors have addressed this in the text by stating the disconnect more 
minimally…. that “not all” of the transcriptomic dysregulated genes are caused by the IFNR pathways, 
hence naturally other Chr21 genes must contribute. But in their responses they acknowledged this 
more clearly that “only a small fraction of the transcriptome changes caused by the trisomy were due 
to IFNR” and that there was a “mild dampening in the dysregulation of these genes observed in 
Dp162xIfnrs”. While I agree these findings can still be consistent with the severe phenotypic effects 
shown for IFNR, it does seem somewhat surprising….. and different than the human transcriptomics 
interpreted to be that IFNR genes correlate/cause these pathways. So, some reference to this 
question (with their possible explanation) might be also mentioned in a limitations paragraph. 
 
Despite these significant questions, I support this study and the novel findings that might prove a 
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breakthrough relevant to human biology in DS. However my big caveat is that this study’s big caveats 
should be made more transparently and clear for the audiences that will be impacted. The title should 
refer to a DS mouse model. The abstract should not say: “Here we demonstrate that triplication of the 
interferon receptor gene cluster on chromosome 21 is necessary for multiple hallmarks of DS.” DS 
refers to humans and human Chr21 and DS mouse models and orthologous genes are not “DS” nor 
Chr21. Even for known single-gene defects in humans, precise mouse mutants don’t always reflect the 
human biology. Here, establishing from a mouse model what Chr21 genes are key in human Down 
syndrome is much more indirect and complicated. 
 
 
 
Reviewer #4: 
Remarks to the Author: 
Re-review of revised Nat Genet Jan 2023 IFNR genes in DS mouse model 
This was a large study with a lot of dense data, so it took some time to carefully re-read the 
manuscript and consider the prior reviews and whether responses were adequate, and a qualified 
colleague independently provided assessments. As requested by the editor, I also considered concerns 
of Reviewer 1 and responses to them. Both Reviewer 1 and our perspective agree that the most 
impactful and novel aspect of this study is the creation of a mouse model deleted for the IFNR cluster 
and the more significant and unexpected findings that this prevented congenital heart defects as well 
as many cognitive deficits (as measured in mice). 
I previously commented that the transcriptomic data is quite inconsistent and rather “muddy” and that 
correlations do not provide strong evidence that the IFNR gene cluster causes the inflammatory 
signatures and immune-related pathways. The authors seem to agree that the findings are “muddy” 
but make the reasonable argument that it might be because the IFNR genes have different effects in 
different tissues at different times. This may be the explanation, and the authors have acknowledged 
these complications more in the manuscript, so they have sufficiently responded to those questions. 
I appreciate how much work this study represents, and I continue to feel it should be published in an 
impactful journal. However, in re-reading the study and various comments and responses, I have 
misgivings about this manuscript being published without more straightforward statements of the 
limitations. The phenotypic findings, if true in human Down syndrome, would be so important that the 
“take home” for this paper (or related news reports) will be read by families of people with DS, 
clinicians advising patients (about the proposed clinical trials!), biotech and pharmaceutical firms and 
investors, granting agencies etc. Even researchers in the DS field will not necessarily easily digest all 
the data and recognized substantial caveats. This concern might be most efficiently and effectively 
done with a “Limitations paragraph”, and some other edits, that make this caveats and questions 
clearer. 
Regarding Reviewer 1 comments, I surmise that they were not satisfied with the answers to their 
initial questions and comments that current human findings, and certain mouse studies, do not 
support that the IFNR triplication/over-expression causes congenital heart defects. I thought these 
were good questions, and would have preferred clear acknowledgement of such questions and 
limitations. However, from what I could tell the authors seem to respond by citing a number of studies 
that very indirectly or loosely are consistent with their thesis about IFNR triplication ….such as citing 
that rubella infection causing defects, or other types of IFN-related genes mutated causing effects. 
Reviewer 1 also cited a study which argued against this effect of IFNR triplication in a different DS 
mouse model and the authors explained this study may be underpowered (but didn’t acknowledge this 
significant question in the ms). I surmise that Reviewer 1 was not satisfied with these answers and 
thus in last round just briefly said they wanted more proof. Personally, I didn’t feel that knocking-out 
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individual IFNR genes (as Reviewer 1 had suggested) should necessarily be required…..but on the 
other hand, I do think these major questions and caveats should be clearly acknowledged. 
1. There should be a clear upfront statement (in limitations paragraph) that this evidence is for one of 
the trisomic mouse models….. and the title and abstract should not conflate “Down syndrome” 
(implying human) with results in a mouse model. I realize now that the way the study (and abstract) 
is constructed it begins with correlative human transcriptome evidence that in DS inflammatory 
signatures are correlated with IFNR over-expression, but this is not persuasive evidence that the 
immune/inflammatory pathway are caused by IFNR triplication. (IFNR expression would seem logically 
correlated with inflammatory/immune pathways.) So the mouse study is the key evidence on which 
they conclude that there findings now justify therapeutic intervention (in humans)…..even prenatally” 
 
2. The limitations paragraph should somehow convey, as I stated previously, that there have been 
numerous “cures” of DS mouse models, by various mechanisms, but thus far this has not lead to a 
significant human therapeutic. It is also the case that results in different mouse models or different 
studies may disagree. I am hopeful that this particular finding about IFNR cluster as underlying so 
many main phenotypes will prove a lasting one and be reproduced by others. I agree that this group 
and some others have strongly shown that there is excess inflammation in people with DS, and it 
seems plausible that anti-inflammatories could have some modest effect, particularly on respiratory 
infections etc. So if they are known not to be harmful, this may be justified for testing for modest anti-
inflammatory benefits. But this study will be read that there is a strong prospect that this will 
cure/mitigate so many phenotypes of DS…..it is important and fair to this population that any 
questions be made clear about whether IFNR triplication causes congenital heart and cognitive impact 
in humans…..before recommending prenatal treatments. I am concerned that the authors so clearly 
advocate that this mouse model finding justifies human therapeutics targeting IFNR pathways (JAK-
stat etc.)……even when their results show how complicated these pathways are to predict. 
 
3. In re-reading the manuscript, I noticed something related to a question I asked in my first review, 
regarding whether the monosomic IFNR mouse (used to breed and correct the trisomics) had any 
phenotype. I thought this interesting and relevant to whether IFNR genes are dosage sensitive. The 
authors responded that they didn’t study those mice, and I didn’t press this further, but in re-reading I 
see they don’t even mention this in the manuscript, and, moreover, brief information appears to 
indicate that they first made a mouse with NULLISOMY for the IFNR cluster (double-knock out!!). This 
mouse was then bred to generate the monsomic WT mouse, which they then bred to the Dp16 mice to 
reduce IFNR copy number. Is this correct…..did they make and breed mice with complete loss of both 
IFNR cluster alleles? If so, that is remarkable…..and is totally relevant to a paper that is focused on 
how dosage sensitive is IFNR triplication. If they indeed began with a complete double IFNR knock-
out, that should be in their diagram so it is not so hard to decipher in the manuscript. And something 
should be said that the monosomy or nullisomy for IFNR cluster does not have an obvious impact on 
development, phenotype or viability (but likely would I assume impact response to viruses). While this 
would not rule out a developmental impact of trisomy for IFNR, it does make such dosage sensitivity 
less likely or hard to understand and should be mentioned in this context. 
4. A comment from my prior review stated: “In transcriptomic analysis of E15.5 heart tissues, why are 
the differences in DP16/WT comparisons almost the same as in Dp162xIFNRs/WT comparisons? The 
IFNR-corrected Dp16 mice transcriptomes should be more similar to WT if so much is driven by the 
IFNR genes, but these results suggest that very similar pathways are dysregulated by other 
mechanisms independent of trisomy for the IFNR cluster. I understand that the Dp16 versus 
Dp162xIFNRs comparison shows some difference, but it is surprising and important that this data 
shows that mice with normalized IFNR gene dosage still have dysregulation of the key pathways that 
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include: IFN alpha response, IFN gamma response, inflammatory response, IL6 Jak Stat3 signalling, 
IL2 Jak Stat2 signalling. These pathways seem central to this paper, but this point is not discussed. Is 
it a discrepancy that warrants substantial softening of the impression that inflammation is driven by or 
mostly by the IFNR gene cluster, or how do the authors explain it. 
I believe in revision the authors have addressed this in the text by stating the disconnect more 
minimally…. that “not all” of the transcriptomic dysregulated genes are caused by the IFNR pathways, 
hence naturally other Chr21 genes must contribute. But in their responses they acknowledged this 
more clearly that “only a small fraction of the transcriptome changes caused by the trisomy were due 
to IFNR” and that there was a “mild dampening in the dysregulation of these genes observed in 
Dp162xIfnrs”. While I agree these findings can still be consistent with the severe phenotypic effects 
shown for IFNR, it does seem somewhat surprising….. and different than the human transcriptomics 
interpreted to be that IFNR genes correlate/cause these pathways. So, some reference to this 
question (with their possible explanation) might be also mentioned in a limitations paragraph. 
 
Despite these significant questions, I support this study and the novel findings that might prove a 
breakthrough relevant to human biology in DS. However my big caveat is that this study’s big caveats 
should be made more transparently and clear for the audiences that will be impacted. The title should 
refer to a DS mouse model. The abstract should not say: “Here we demonstrate that triplication of the 
interferon receptor gene cluster on chromosome 21 is necessary for multiple hallmarks of DS.” DS 
refers to humans and human Chr21 and DS mouse models and orthologous genes are not “DS” nor 
Chr21. Even for known single-gene defects in humans, precise mouse mutants don’t always reflect the 
human biology. Here, establishing from a mouse model what Chr21 genes are key in human Down 
syndrome is much more indirect and complicated. 
  

Author Rebuttal, second revision: 
 
 Response to Referees – Manuscript NG-A60025-T by Waugh et al. 

Reviewers' Comments:  

Remarks to the Author: 

Re-review of revised Nat Genet Jan 2023 IFNR genes in DS mouse model. 

This was a large study with a lot of dense data, so it took some time to carefully re-read the manuscript 
and consider the prior reviews and whether responses were adequate, and a qualified colleague 
independently provided assessments. As requested by the editor, I also considered concerns of Reviewer 1 
and responses to them. Both Reviewer 1 and our perspective agree that the most impactful and novel 
aspect of this study is the creation of a mouse model deleted for the IFNR cluster and the more significant 
and unexpected findings that this prevented congenital heart defects as well as many cognitive deficits (as 
measured in mice).  

I previously commented that the transcriptomic data is quite inconsistent and rather “muddy” and that 
correlations do not provide strong evidence that the IFNR gene cluster causes the inflammatory signatures 
and immune-related pathways. The authors seem to agree that the findings are “muddy” but make the 
reasonable argument that it might be because the IFNR genes have different effects in different tissues at 
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different times. This may be the explanation, and the authors have acknowledged these complications 
more in the manuscript, so they have sufficiently responded to those questions.  

I appreciate how much work this study represents, and I continue to feel it should be published in an 
impactful journal. However, in re-reading the study and various comments and responses, I have 
misgivings about this manuscript being published without more straightforward statements of the 
limitations. The phenotypic findings, if true in human Down syndrome, would be so important that the 
“take home” for this paper (or related news reports) will be read by families of people with DS, clinicians 
advising patients (about the proposed clinical trials!), biotech and pharmaceutical firms and investors, 
granting agencies etc. Even researchers in the DS field will not necessarily easily digest all the data and 
recognized substantial caveats. This concern might be most efficiently and effectively done with a 
“Limitations paragraph”, and some other edits, that make this caveats and questions clearer. 

Regarding Reviewer 1 comments, I surmise that they were not satisfied with the answers to their initial 
questions and comments that current human findings, and certain mouse studies, do not support that the 
IFNR triplication/over-expression causes congenital heart defects. I thought these were good questions, 
and would have preferred clear acknowledgement of such questions and limitations. However, from what 
I could tell the authors seem to respond by citing a number of studies that very indirectly or loosely are 
consistent with their thesis about IFNR triplication ….such as citing that rubella infection causing defects, 
or other types of IFN-related genes mutated causing effects. Reviewer 1 also cited a study which argued 
against this effect of IFNR triplication in a different DS mouse model and the authors explained this study 
may be underpowered (but didn’t acknowledge this significant question in the ms). I surmise that 
Reviewer 1 was not satisfied with these answers and thus in last round just briefly said they wanted more 
proof. Personally, I didn’t feel that knocking-out individual IFNR genes (as Reviewer 1 had suggested) 
should necessarily be required…..but on the other hand, I do think these major questions and caveats 
should be clearly acknowledged. 

1. There should be a clear upfront statement (in limitations paragraph) that this evidence is for one of the 
trisomic mouse models….. and the title and abstract should not conflate “Down syndrome” (implying 
human) with results in a mouse model. I realize now that the way the study (and abstract) is constructed it 
begins with correlative human transcriptome evidence that in DS inflammatory signatures are correlated 
with IFNR over-expression, but this is not persuasive evidence that the immune/inflammatory pathway 
are caused by IFNR triplication. (IFNR expression would seem logically correlated with 
inflammatory/immune pathways.) So the mouse study is the key evidence on which they conclude that 
there findings now justify therapeutic intervention (in humans)…..even prenatally”  

Response: We are once again grateful for the work of the Reviewers and the constructive feedback. 
Following the Reviewers’ guidance, we have addressed comment #1 in the revised manuscript as follows: 

First, we have created a ‘limitations of this study’ paragraph in the Discussion where we very clearly 
acknowledge the caveats raised by the Reviewers. This paragraph reads as follows (sentence relevant for 
comment #1 highlighted in red): 

This study has several limitations. First, the contribution of Ifnr locus dosage to DS phenotypes was 
defined in a single mouse model of DS, and caution should be exercised when extrapolating these results 
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to the human condition. Second, there are many examples of experimental interventions that reversed 
phenotypes in mouse models of DS1-5, but none of these has been translated yet into an approved therapy 
for DS. In this regard, the notion that pre-natal interventions targeting IFN signalling could ameliorate 
CHD or cognitive impairments would need support from additional pre-clinical and clinical research. 
Third, the phenotypic differences observed upon correction of Ifnr locus dosage are accompanied by only 
partial attenuation of global gene expression changes, and it is not clear which of the pathways affected 
by Ifnr triplication contribute to the rescued phenotypes. Furthermore, these results indicate that many 
effects of the trisomy are likely to be independent of IFNR dosage, including full induction of 
inflammatory pathways.   

Second, the title and the abstract have been modified so as to not conflate ‘Down syndrome’ with the 
results obtained in the mouse model of Down syndrome. The new title and paragraph read as follows (key 
changes in red): 

Title: 

Interferon receptor locus contributes to hallmarks of Down syndrome in a mouse model 

Abstract: 

Down syndrome (DS), the genetic condition caused by trisomy 21 (T21), is characterized by 
cognitive impairment, immune dysregulation, dysmorphogenesis, and increased prevalence of 
multiple co-occurring conditions. Despite significant efforts, the mechanisms by which T21 
causes these effects remain largely unknown. Here we demonstrate that triplication of the 
interferon receptor (IFNR) gene cluster on chromosome 21 is necessary for multiple phenotypes 
in a mouse model of DS. Whole blood transcriptome analysis demonstrated that IFNR 
overexpression associates with chronic interferon hyperactivity and inflammation in people with 
T21. To define the contribution of this locus to DS phenotypes, we used genome editing to 
correct its copy number in a mouse model of DS, which attenuated lethal antiviral responses, 
prevented heart malformations, ameliorated developmental delays, improved cognition, and 
normalized craniofacial anomalies. Therefore, Ifnr locus dosage modulates major traits of DS in 
mice, suggesting that T21 elicits an interferonopathy potentially amenable to therapeutic 
intervention.  
With regards to the comment about Reviewer 1’s questions about the CHD phenotype and its 
placement in the broader context of the literature, this has been clearly addressed in the 
Discussion as follows (key segments in red): 
Our findings define a role for the Ifnr locus during embryonic heart development, even in the 
absence of obvious immune triggers.  In mice, several regions orthologous to HSA21 were shown 
to contribute to increased rate of heart malformations, only some of which include the Ifnr gene 
cluster (Extended Data Fig. 7)6-11. These efforts have not yet identified a single triplicated gene 
that is sufficient to cause CHD, supporting instead the notion of a polygenic basis for this 
complex phenotype12. Although our results do not demonstrate that Ifnr triplication is sufficient 
to cause CHD, they indicate that the Ifnr locus contributes to this trait, likely potentiating the 
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effects of other necessary genes. 
 
2. The limitations paragraph should somehow convey, as I stated previously, that there have been 
numerous “cures” of DS mouse models, by various mechanisms, but thus far this has not lead to 
a significant human therapeutic. It is also the case that results in different mouse models or 
different studies may disagree. I am hopeful that this particular finding about IFNR cluster as 
underlying so many main phenotypes will prove a lasting one and be reproduced by others. I 
agree that this group and some others have strongly shown that there is excess inflammation in 
people with DS, and it seems plausible that anti-inflammatories could have some modest effect, 
particularly on respiratory infections etc. So if they are known not to be harmful, this may be 
justified for testing for modest anti-inflammatory benefits. But this study will be read that there 
is a strong prospect that this will cure/mitigate so many phenotypes of DS…..it is important and 
fair to this population that any questions be made clear about whether IFNR triplication causes 
congenital heart and cognitive impact in humans…..before recommending prenatal treatments. I 
am concerned that the authors so clearly advocate that this mouse model finding justifies human 
therapeutics targeting IFNR pathways (JAK-stat etc.)……even when their results show how 
complicated these pathways are to predict.  
Response: We agree with the Reviewers’ call for caution and moderation in the interpretation of our 
results and their potential therapeutic applications. The new ‘limitations paragraph’ clearly conveys this 
message (relevant sentence for comment #2 in red):  

This study has several limitations. First, the contribution of Ifnr locus dosage to DS phenotypes was 
defined in a single mouse model of DS, and caution should be exercised when extrapolating these results 
to the human condition. Second, there are many examples of experimental interventions that reversed 
phenotypes in mouse models of DS1-5, but none of these has been translated yet into an approved therapy 
for DS. In this regard, the notion that pre-natal interventions targeting IFN signalling could ameliorate 
CHD or cognitive impairments would need support from additional pre-clinical and clinical research. 
Third, the phenotypic differences observed upon correction of Ifnr locus dosage are accompanied by only 
partial attenuation of global gene expression changes, and it is not clear which of the pathways affected 
by Ifnr triplication contribute to the rescued phenotypes. Furthermore, these results indicate that many 
effects of the trisomy are likely to be independent of IFNR dosage, including full induction of 
inflammatory pathways.   

Additionally, we have softened our language about anti-inflammatory strategies in DS, making amply 
explicit that additional research will be needed to define the potential value of these therapies. These 
changes are tracked in the revised manuscript. 

3. In re-reading the manuscript, I noticed something related to a question I asked in my first review, 
regarding whether the monosomic IFNR mouse (used to breed and correct the trisomics) had any 
phenotype. I thought this interesting and relevant to whether IFNR genes are dosage sensitive. The 
authors responded that they didn’t study those mice, and I didn’t press this further, but in re-reading I see 
they don’t even mention this in the manuscript, and, moreover, brief information appears to indicate that 
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they first made a mouse with NULLISOMY for the IFNR cluster (double-knock out!!). This mouse was 
then bred to generate the monsomic WT mouse, which they then bred to the Dp16 mice to reduce IFNR 
copy number. Is this correct…..did they make and breed mice with complete loss of both IFNR cluster 
alleles? If so, that is remarkable…..and is totally relevant to a paper that is focused on how dosage 
sensitive is IFNR triplication. If they indeed began with a complete double IFNR knock-out, that should 
be in their diagram so it is not so hard to decipher in the manuscript. And something should be said that 
the monosomy or nullisomy for IFNR cluster does not have an obvious impact on development, 
phenotype or viability (but likely would I assume impact response to viruses). While this would not rule 
out a developmental impact of trisomy for IFNR, it does make such dosage sensitivity less likely or hard 
to understand and should be mentioned in this context. 

Response: We welcome the opportunity to clarify how the genome editing and subsequent crosses were 
done to correct Ifnr locus dosage in the Dp16 mouse model of DS. The initial CRIPSR-mediated genome 
editing event created founder F0 heterozygote Ifnr-/+ mice, referred to in the paper as WT1xIfnrs, which 
were then crossed to wild type (WT) mice to generate progeny that was either WT (Ifnr+/+) or WT1xIfnrs 
(Ifnr-/+). We then crossed the heterozygote WT1xIfnrs mice to Dp16 mice, leading to progeny that was 
either WT, WT1xIfnrs, Dp16, or Dp162xIfnrs, as shown in Figure 2B. We did not employ homozygotes Ifnr-

/- anywhere in this process. However, homozygotes Ifnr-/- (nullisomic) could be generated by crossing 
heterozygote males and females.  

Prompted by the Reviewers’ comment, in re-reading the Results and Methods sections, we noticed 
instances that may have created confusion in this regard, and we have edited accordingly in the revised 
manuscript for greater clarity. Additionally, in response to the Reviewers’ comments, we added 
commentaries both in the Results and Methods to highlight that the heterozygote WT1xIfnrs mice are viable 
and fertile and without any obvious phenotypes, and that further characterization would be required to 
identify potential phenotypes associated with Ifnr monosomy (or nullisomy). 

The edited sections in the Results and Methods read as follows (edits highlighted here in red): 

In the Results: 

The Ifnr locus contributes to global transcriptome changes in a mouse model of Down syndrome. 

… To define if increased dosage of the Ifnr locus contributes to DS phenotypes, we used CRISPR/Cas9 
genome editing to delete one copy of the entire gene cluster. Given that all four Ifnrs employ JAK/STAT 
signalling and that overexpression of each of them associates with inflammatory signatures (Fig. 1), 
creating the potential for genetic redundancy, we designed a strategy to delete one copy of the 192 kb 
genomic segment on MMU16 encoding all four Ifnrs in wild type (WT) C57BL/6 mice (see Methods, Fig. 
2a, Supplementary Table 4). Heterozygous knockout was confirmed in potential founders by PCR and 
Sanger sequencing (Extended Data Fig. 2a-c). Whole genome sequencing (WGS) confirmed the 
heterozygous deletion and did not reveal any other substantial genomic alterations (Fig. 2a, Extended 
Data Fig. 2d). Heterozygous progeny of this strain (WT1xIfnrs) was then intercrossed with Dp16 to correct 
Ifnr copy number from three to two in a portion of Dp16 offspring (Dp162xIfnrs) (Fig. 2b). WT1xIfnrs mice 
were viable and fertile, with no obvious phenotypes, but additional characterization will be valuable to 
define the impacts of monosomy (or nullisomy) of the Ifnr locus. … 
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In the Methods: 

Generation of mice with heterozygous deletion of the interferon receptor locus on mouse chromosome 
16. 

One copy of the 192 kb genomic segment containing the four interferon receptor (Ifnr) genes orthologous 
to those on human chromosome 21 (HSA21) was deleted in mice using CRIPSR/Cas9 gene editing as 
previously described for smaller regions of the genome13. Briefly, CRISPR/Cas9 target sites were 
identified using http://crispr.mit.edu/ with scores of 84-96 to predict specific deletions. Two guide RNAs 
(gRNAs) were synthesized per target site flanking the Ifnr gene cluster on mouse chromosome 16 
(MMU16) using the MEGAshortscriptTM T7 Transcription Kit (LifeTechnologies, Cat# AM1354) and 
MEGAclearTM Transcription Clean-Up Kit (Life Technologies, Cat# AM1908) (Supplementary Table 4, 
Tab A). C57BL/6NTac zygotes (Taconic) were microinjected with 25 ng/μL Cas9 mRNA (Sigma, Cat# 
CAS9MRNA-1EA) and four total gRNAs at 7 ng/μL each, then implanted into pseudopregnant females. 
Heterozygote WT1xIfnrs (Ifnr-/+) mutant mice were made in collaboration with Dr. Jennifer Matsuda and 
James Gross of the Genetics Core Facility at National Jewish Health, CO.  

Sanger sequencing of mutant mice. 

Potential F0s lacking one copy of the Ifnr gene cluster (WT1xIfnrs) without additional large chromosomal 
rearrangements on MMU16 were bred to wild type (WT) C57BL/6NTac (Taconic) mice to generate 
additional heterozygous F1 progeny (WT1xIfnrs). PCR products spanning the deleted region were 
generated and subjected to Sanger sequencing using a 3730xl DNA Analyzer (ThermoFisher Scientific) to 
identify transmission of a single modified allele to progeny. Sequence-verified F1 WT1xIfnrs mice with 
identical deletion events were then selected to maintain the line started by a single F0 male WT1xIfnrs.  

Animal Husbandry. 
All animal experiments were approved by the Institutional Animal Care and Use Committee 
(IACUC) at the University of Colorado Anschutz Medical Campus, under Protocol #00111. One 
candidate F1 male progeny of the validated F0 WT1xIfnrs was backcrossed to WT C57BL/6J (The 
Jackson Laboratory) for at least 3 generations before female WT1xIfnrs were intercrossed with 
males from a mouse model of Down syndrome (DS), also of the C57BL/6J background. This 
Dp(16Lipi-Zbtb21)1Yey/J (hereafter “Dp16”) mouse model of DS14 was originally purchased 
from The Jackson Laboratory (Cat# JAX:013530, RRID:IMSR_JAX013530) as well as gifted 
from Drs. Diana Bianchi and Faycal Guedj (National Institutes of Health, NIH) then intermixed 
and maintained on the C57BL/6J background. WT1xIfnrs mice were viable and fertile, with no 
obvious phenotypes, but further characterization would be valuable to define the impacts of 
monosomy (or nullisomy) of the Ifnr locus in mice. After intercrossing female WT1xIfnrs with male 
Dp16, mice were confirmed to be at least 87.5% C57BL/6J via Transnetyx automated PCR 
services using single nucleotide polymorphisms from 48 alleles (Cordova, TN) before use in 
experiments with the remaining mixed background on C57BL/6N (Taconic). 
4. A comment from my prior review stated: “In transcriptomic analysis of E15.5 heart tissues, 
why are the differences in DP16/WT comparisons almost the same as in Dp162xIFNRs/WT 
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comparisons? The IFNR-corrected Dp16 mice transcriptomes should be more similar to WT if so 
much is driven by the IFNR genes, but these results suggest that very similar pathways are 
dysregulated by other mechanisms independent of trisomy for the IFNR cluster. I understand that 
the Dp16 versus Dp162xIFNRs comparison shows some difference, but it is surprising and 
important that this data shows that mice with normalized IFNR gene dosage still have 
dysregulation of the key pathways that include: IFN alpha response, IFN gamma response, 
inflammatory response, IL6 Jak Stat3 signalling, IL2 Jak Stat2 signalling. These pathways seem 
central to this paper, but this point is not discussed. Is it a discrepancy that warrants substantial 
softening of the impression that inflammation is driven by or mostly by the IFNR gene cluster, or 
how do the authors explain it.  
I believe in revision the authors have addressed this in the text by stating the disconnect more 
minimally…. that “not all” of the transcriptomic dysregulated genes are caused by the IFNR 
pathways, hence naturally other Chr21 genes must contribute. But in their responses they 
acknowledged this more clearly that “only a small fraction of the transcriptome changes caused 
by the trisomy were due to IFNR” and that there was a “mild dampening in the dysregulation of 
these genes observed in Dp162xIfnrs”. While I agree these findings can still be consistent with 
the severe phenotypic effects shown for IFNR, it does seem somewhat surprising….. and 
different than the human transcriptomics interpreted to be that IFNR genes correlate/cause these 
pathways. So, some reference to this question (with their possible explanation) might be also 
mentioned in a limitations paragraph. 
Response: Thank you for the opportunity to further revise the text to highlight the fact that the 
phenotypic rescue observed is accompanied by partial dampening of the transcriptome changes 
observed. Guided by the Reviewers’ comments, we have revised the text in the Results section 
and also added a disclaimer in the ‘limitations of this study’ paragraph in the Discussion. The 
revised sections read as follows (key segments in red): 
In the Results section: 
Triplication of the Ifnr locus exacerbates immune responses in a mouse model of trisomy 21. 

… Notably, key inflammatory signatures are still elevated in Dp162xIfnrs relative to WT mice, such as 
IL2/STAT5 Signalling and IL6/JAK/STAT3 signalling (Fig. 3c), indicating that much immune 
dysregulation occurs without a third copy of the Ifnr locus in this setting, consistent with additional 
mechanisms driving immune dysregulation in DS, including potential roles for other triplicated genes… 

Reduction of Ifnr locus dosage rescues heart malformations in a mouse model of Down syndrome. 

…In Dp162xIfnrs mice, many, but certainly not all, of these gene expression changes are 
attenuated, with some variation across time points. For example, at E12.5, a critical time point 
for septation of the heart, Dp162xIfnrs mice show lesser dysregulation of ISGs (e.g., Irf9, Ifih1), 
EMT genes (e.g., Col4a2, Tgfb1), and MYC target genes (e.g., Rcf4, Srsf7) (Fig. 4f-g). Thus, the 
decreased incidence of CHD observed in Dp162xIfnrs mice is accompanied by modest effects on 
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the concurrent global transcriptome changes, whereby only a small fraction of the gene 
expression changes observed are due to Ifnr triplication… 
Triplication of the Ifnr locus delays development and impairs cognition. 

…As observed in other tissues, the effects of correcting Ifnr locus dosage on gene expression changes are 
partial and selective for specific signalling pathways, once again revealing that phenotypic differences 
can be observed without full correction of underlying transcriptome changes. 

Reduction of Ifnr locus copy number attenuates craniofacial anomalies. 

…These results indicate that cell proliferation in this embryonic tissue is negatively impacted by an extra 
copy of the Ifnr locus. As for other traits sensitive to dosage of the Ifnr locus, Dp162xIfnrs mice show 
amelioration of craniofacial phenotypes even with only mild dampening of dysregulated gene expression 
patterns… 

In the Discussion, first acknowledgement of this caveat and alternative mechanisms: 

Importantly, correction of Ifnr locus copy number does not fully rescue transcriptome signatures of 
inflammation and immune dysregulation, many of which are still observed in tissues of Dp162xIfnrs mice 
(e.g., IL2 signalling in lymph nodes, IFN signalling in the developing heart). This indicates the presence 
of additional mechanisms contributing to immune dysregulation in DS. For example, cellular stress from 
extra DNA, even from a Roberstonian translocation15, and resulting activation of Damage Associated 
Molecular Patterns (DAMPS)16,17 could still be activating IFN signalling in the absence of increased Ifnr 
gene dosage by elevating IFN ligands and/or alternative mechanisms. 

Later in the Discussion, second acknowledgement of this caveat and alternative mechanisms: 

Correction of Ifnr locus copy number did not fully rescue the cognitive impairments characteristic of 
Dp16, nor the global gene expression changes observed, indicating that other triplicated genes could also 
contribute to these phenotypes. For example, we observed that Dyrk1a, a gene with documented roles in 
brain development and function in DS and other genetic disorders18, is overexpressed in Dp162xIfnrs 
tissues, including the brain, where it could exert additional effects independent of Ifnr copy number. 

Further down in the Discussion, within the new ‘limitations of this study paragraph’ (relevant sentence 
for comment #4 in red): 

This study has several limitations. First, the contribution of Ifnr locus dosage to DS phenotypes was 
defined in a single mouse model of DS, and caution should be exercised when extrapolating these results 
to the human condition. Second, there are many examples of experimental interventions that reversed 
phenotypes in mouse models of DS1-5, but none of these has been translated yet into an approved therapy 
for DS. In this regard, the notion that pre-natal interventions targeting IFN signalling could ameliorate 
CHD or cognitive impairments would need support from additional pre-clinical and clinical research.  
Third, the phenotypic differences observed upon correction of Ifnr locus dosage are accompanied by only 
partial attenuation of global gene expression changes, and it is not clear which of the pathways affected 
by Ifnr triplication contribute to the rescued phenotypes. Furthermore, these results indicate that many 
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effects of the trisomy are likely to be independent of IFNR dosage, including full induction of 
inflammatory pathways.   

Despite these significant questions, I support this study and the novel findings that might prove a 
breakthrough relevant to human biology in DS. However my big caveat is that this study’s big caveats 
should be made more transparently and clear for the audiences that will be impacted. The title should 
refer to a DS mouse model. The abstract should not say: “Here we demonstrate that triplication of the 
interferon receptor gene cluster on chromosome 21 is necessary for multiple hallmarks of DS.” DS refers 
to humans and human Chr21 and DS mouse models and orthologous genes are not “DS” nor Chr21. Even 
for known single-gene defects in humans, precise mouse mutants don’t always reflect the human biology. 
Here, establishing from a mouse model what Chr21 genes are key in human Down syndrome is much 
more indirect and complicated. 

Response: We are grateful for the additional guidance. Following these Reviewers’ comments, 
we have modified the title and abstract as follows: 
Title: 

Interferon receptor locus contributes to hallmarks of Down syndrome in a mouse model 

Abstract: 

Down syndrome (DS), the genetic condition caused by trisomy 21 (T21), is characterized by 
cognitive impairment, immune dysregulation, dysmorphogenesis, and increased prevalence of 
multiple co-occurring conditions. Despite significant efforts, the mechanisms by which T21 
causes these effects remain largely unknown. Here we demonstrate that triplication of the 
interferon receptor (IFNR) gene cluster on chromosome 21 is necessary for multiple phenotypes 
in a mouse model of DS. Whole blood transcriptome analysis demonstrated that IFNR 
overexpression associates with chronic interferon hyperactivity and inflammation in people with 
T21. To define the contribution of this locus to DS phenotypes, we used genome editing to 
correct its copy number in a mouse model of DS, which attenuated lethal antiviral responses, 
prevented heart malformations, ameliorated developmental delays, improved cognition, and 
normalized craniofacial anomalies. Therefore, Ifnr locus dosage modulates major traits of DS in 
mice, suggesting that T21 elicits an interferonopathy potentially amenable to therapeutic 
intervention. 
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