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Version 0: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
The authors build on their previous work on TIMP2 as a protective factor against aging, here focusing on its effect on
microglia. They use global, microglial, and neuronal TIMP2 KO mice to show that TIMP2 loss increases IBA1 and CD68
expression in vivo, increases inflammatory protein expression in vivo, changes gene expression in vitro, and impairs myelin
phagocytosis in vitro. They then treat aged mice (20mo) with exogenous TIMP2 and show that it decreases IBA1 and CD68,
alters microglial gene expression, and reduces microglial synaptic phagocytosis. The paper is well done and uses a variety
of powerful methods and mouse models. The concept is important, as TIMP2 has therapeutic promise to counteract brain
aging, and microglial function is a new wrinkle. My main criticism is that the TIMP2 KO mice are not shown to have a real
pathological phenotype in vivo, just some mild changes in microglia markers and modest changes in protein expression.
Fig. 5 is the most exciting part of the paper, as it shows improvement in some age-related microglial phenotypes, including
synaptic phagocytosis. While it is unreasonable to suggest aging microglial TIMP2 KO mice to 20mo, it would be nice to see
an in vivo phenotype such as synaptic phagocytosis to demonstrate that microglial TIMP2 KO has meaningful impact on
brain health. Also, the effect on phagocytic function is confusing, as CD68 expression would suggest increased
phagocytosis, though decrease myelin phagocytosis is shown with KO, and increase phagocytosis demonstrated with
TIMP2 treatment in old mice. 
Specific comments: 
1. Fig. 1g-f: Does TIMP2 KO increase CD68 expression in vitro? This figure seems a bit odd. 
2. TIMP2 deletion consistently increases CD68 expression, suggesting a pro-phagocytic effect. However, myelin
phagocytosis is impaired. Is myelin the outlier, i.e. is there a pro-phagocytic effect of TIMP2 deletion in vitro for other
molecules, such as when treated with zymosan beads, or labeled BSA? The overall effect on microglial phagocytic activity
needs to be clarified. Injection of mylein into the brain, or examining micorlgial phagocytosis of myelin after injury (such as
lysolecithin) would also be great, but perhaps not critical. 
3. Fig. 5p,q shows a change in microglial synaptic phagocytosis with TIMP2 treatment. It would be very helpful to examine
the reciprocal effect in TIMP2 KO mice. Is there an increase in synaptic phagocytosis in TIMP2 ko mice (microglial or
global)? This is particularly relevant considering the authors previous paper on TIMP2 and synpases, and some comment
on the relative contributions of the ECM vs. microglial mechanisms on synaptic integrity would be welcome. 
4. Fig. 2h-I might be better in the Supplement, as they are just validating the method and use 5xFAD mice, which seem out
of place. 

Reviewer #2 

(Remarks to the Author) 
Youth-associated protein TIMP2 alters microglial state and function in the context of aging. 

Hemmer et al. 

In this manuscript, the authors lay out sets of in vivo and in vitro experiments to better understand the role of TIMP2 in the
context Alzheimer's disease and its correlation to aging. By performing RNAseq and comparing WT to TIMP2-KO mice, the
microglia in TIMP2-KO have an "immunologically" activated state, are pro-inflamatory and have reduced phagocytosis in
normal mice. Re-administration of TIMP2 appears to reverse these phenotypes, with the authors concluding that the



presence of TIMP2 keeps microglia in a non-active state and having a more neural protective role. 

Overall, this manuscript is interesting and provides additional insight regarding the role of TIMP2. The experiments are well
controlled and in general well thought out. 

General observations: 
- The introduction seems a bit boiler-plate. 
- Statistical significance: in some cases (fig 1 and 4), it is indicated that “… is slightly increased/trend to increase without
reaching statistical significance”. These statements should be avoided, especially when there is high variability in the
samples. 
- Not sure what the contribution of all the omics data is other than informative, and how it makes the story stronger. Could the
authors use some of these data to examine the mechanism in more depth? 

Specific observations: 
Line 25: neuro-de-generative? 
Line 50: AD, does this refer to Alzheimer's? If so, the segue from introduction, especially line 46-47 about the loss of
newborn neurons should contain some differencs between mouse and humans. 
Lines 58-61: strange sentence 
Lines 71-81 reference a recent study about TIMP2 variants and cognitive ability is a preprint and has not been peer
reviewed. As such, this should be mentioned in the text. Note that in the preprint, "After stratifying for Aβ status, significance
did not survive FDR p-value correction for multiple comparisons, although the association was significant at nominal level
and group-correction, respectively." This was done in at-risk patients of AD and not necessarily an age-related comparison. 

Figure 1 
� Mention of pups’ and adult mice age in the text, not just in legend, would be more informative for readers. 
� Any differences observed with sex? 
� At what age (pups? adult?) was the RNA-seq performed? 
� At which day after plating were the cells stained? The isolation process could increase the activation state. Why not directly
stain adult mice in vivo, especially in the hippocampus, instead of culturing microglia isolated from adult mice? 
� 1e: Note that the isolated microglial were cultured for several days before processing for RNAseq, and not sure if this
procedure confounds the results. Also, when reading the methods, it appears that DEGs were chosen based on a P-value <
0.05. The DEGs should be chosen based on and adjusted p-valude (or FDR which is similar). 

Figure 2 and Suppl Fig 2 
� Suppl Fig2 a,b: CD68 staining is very dim and not very convincing. Also, how was the coverage measurement (Suppl
Fig2b) done and was it based on those same images? thiscould be problematic. In the same graph, it seems that only 3
mice in the KO group are higher than the rest and also was is the mean value? This result doesn’t seem strong enough to
really indicate increased microgliosis. 
� What does the ramified and ameboid morphology represent and what is the conclusion from the observation that there is no
change in these types? 
� Since 2h and 2i provide information to set a baseline, they would fit better as supplementary material. Also, it would be
important to also use LPS in WT mice as a control in this experiment. 

Figure 3 
� What is the significance of increased p16+ cells in Cx3cr1CreERT2/+;Timp2fl/fl mice compared to ctrl? 

Figure 5 
� Same comment as Suppl Fig2 a,b. 
� What about the effect of TIMP2 on the different morphologies (activated, ramified and ameboid) like in Fig.2? 
� Fig 5p, it would be nice to see orthogonal projections to confirm phagocytosis. In a more general way, it would be important
to see functional or real-time assays to prove phagocytosis. 

Major concerns: 
- The assays and experiments performed are well-conducted and thought out, especially Figure 4. However, the outlook is
descriptive and the question remains as to by which mechanism TIMP2 regulates microglial function. 

- As the authors mentioned AD in the introduction and used 5xFAD mice in some experiments, it raises the question: does
TIMP2 reduce inflammation in 5xFAD mice? 

- In combination with the previous report (Ferreira et al. 2023), how does TIMP2 perform a distinct function in neurons and/or
microglia? 

Reviewer #3 

(Remarks to the Author) 
In this manuscript, Hemmer et al. build on their previous work on the youth-associated factor TIMP2, focusing on its role in
regulating microglial states in adult and aged mice. TIMP2 is upregulated in reactive microglial states and in



neurodegenerative diseases. Given this connection and the well-established role of microglia in aging and age-related
diseases, the research question is significant. The authors employ both a global Timp2 knockout and a microglia-specific
conditional knockout to dissect the contribution of microglial-derived versus neuronal TIMP2 in modulating microglial gene
expression and phagocytic function. Their use of microdialysis to assess cytokine changes in the extracellular space is
particularly interesting. These loss-of-function experiments are accompanied by TIMP2 administration to aged mice, which
reduces microglial reactivity and inflammation, and enhances synaptic engulfment—though these effects may be indirect.
Overall, the study presents several interesting findings with implications for aging. That said, some of the validation
experiments using cultured microglia should be complemented by histological analyses on tissue sections, and the
microglial state changes in KO mice should be characterized more thoroughly. Please see below for specific comments: 

Major: 
1. The authors should demonstrate TIMP2 expression in microglia from different brain regions. Currently, only hippocampal
microglia are shown (Supplemental Fig. 1c). 
2. The quantification of microglial morphology appears somewhat arbitrary and the images used are of low-resolution
(Supplemental Fig. 2f, g). The authors should include direct measurements of soma size, branch number, etc., from tissue
sections. 
3. Expression of TIMP2 was only validated in cultured microglia, which do not fully represent endogenous microglia.
Validation by IHC or RNA in situ on brain sections is necessary. Additionally, the nature of the KO allele should be clarified
—does it result in a null mutation? Why are some transcripts still detectable in the global KO mice (Figure 1d)? 
4. The overlap between TIMP2 and CD68 signals was only shown in cultured microglia (Figure 1f, g). This should be
replicated using IHC or RNA in situ in vivo. The percentage of TIMP2+ and TIMP2+/CD68+ microglia in vivo, and any
regional differences, should be quantified and reported. 
5. What is the magnitude of CD68 upregulation in CX3CR1-CreER conditional KO mice compared to the global KO? Does
microglia-specific deletion of TIMP2 produce a similar or milder phenotype? This should be quantified using an adequate
number of animals and tissue sections. 
6. Since senescent microglia are difficult to define due to the lack of specific markers, p16 staining alone is insufficient.
Additional orthogonal validation is required. 
7. To illustrate microglial state regulation by TIMP2, the current evidence (bulk RNA-seq from cultured microglia, IHC for
CD68 and p16, and snRNA-seq after TIMP2 injection) is not sufficient. Cultured microglia may not reflect in vivo states;
CD68 and p16 are nonspecific; and TIMP2 injection is a gain-of-function approach. For the bulk RNA-seq, only GO terms
were discussed, with no specific gene-level analysis. The authors should perform transcriptomic profiling on microglia
isolated from Timp2 KO (preferably conditional KO) mice and compare this with the bulk RNA-seq and snRNA-seq datasets.
8. Marker genes from key microglial clusters identified in the snRNA-seq analysis should be presented. Currently, only GO
terms are shown. Changes in some of the key clusters should also be validated via IHC or flow cytometry. 
9. Engulfment of synaptic particles was assessed only in TIMP2-injected mice. The same analysis should be performed in
TIMP2 KO mice to complete the comparison. 

Minor: 
1. Line 118–119: If P5–P8 mice were used, they should be described as early postnatal (as opposed to neonatal), and the
exact age range should be noted. 
2. Line 247–248: Clarify what is meant by "time-dependent fashion." Does TIMP2 accumulate cumulatively in culture, or
does secretion increase over time? 
3. Line 228: The correct reference should be to Supplemental Figure 1e. 
4. Figure 5i, j, k: Cluster identities should be labeled directly on the figures to aid interpretation. 

Reviewer #4 

(Remarks to the Author) 
Summary: The goal of this manuscript is to explore how the age-rejuvenating factor, TIMP2, exerts its protective effects on
the brain. This paper is a follow up to the group’s previous work to show improvements in synaptic function and learning and
memory with TIMP2, but the first of its kind to show that TIMP2 plays an unappreciated role in microglial function and
neuroinflammation. Using complimentary approaches including TIMP2 deletion (global or cell type specific) as well as
TIMP2 treatment showed that bidirectionally modulating TIMP2 levels has profound effects on microglia, which is novel
function for this protein. This study is rigorously done and insights from this work are important for aging and age-related
neurodegenerative diseases. This study is particularly noteworthy given the translational value of these studies. For
example, the TIMP2 treatment study in 20 mo. old mice that clearly shows TIMP2’s protective effect that is lost with aging. 

While this reviewer maintains strong enthusiasm for this work, there are some minor points that need clarification: 

1. Line 47, 95, 136: There has been a recent push for consistency of microglia nomenclature (PMID: 36327895), which adds
some confusion to what different terms may mean. Terms like “microgliosis” or “activation” are sometimes hard to interpret, or
perceived to be outdated. In the introduction, “microgliosis” or “activation” is used when describing changes in microglia due
to aging. Can the authors clarify or define these terms for the reader to avoid confusion? Does aging have its own microglial
phenotype that is different than disease associated phenotypes typically described in fields like Alzheimer’s? Given the lack
of consensus in the field, it might be better to say “microglia” instead of “microglial state”, since it’s unclear what “microglial
state” means in this paper and whether TIMP2 expression in microglia modulates its own "microglial state" since now all
microglia are TIMP2+. 



2. Not all TIMP2+ microglia are CD68+ and not all CD68+ microglia are TIMP2+. Do the authors know why this is? What
other markers does the TIMP2+ microglia express (e.g. homeostatic v disease reactive) that may help provide understand
why TIMP2 is important in the setting of aging? Can the authors speculate? 

3. Fig 2: this is the global knockout, correct? Please explicitly state that. 

4. Fig 2b-c: what does each circle represent on the bar graphs? It should represent each mouse but the figure legend says
sample size n=9-13 but there are more circles than that. Can you clarify? 

5. Line 156-157: Since there is no increase in total number of microglia, does this suggest in increase in cell size? Was this
quantified? 

6. Line 179: The statement “This technique has not yet been extensively applied to measure brain immune proteins” should
be removed or tempered. Other groups, PMID: 27481936 for example, have used in vivo microdialysis to investigate the ISF
proteome and showed enrichment for inflammatory related proteins relative to Alzhiemer’s disease and sleep deprivation. 

7. Figure 3: The white arrows in panel b and d are very distracting. I’d recommend removing. 

8. Line 237: Consider change “external pools” to “ISF” or “extracellular” pools. 

9. Line 249: Clarify what zymosan does and why it was chosen? Are both zymosan and LPS used as an inflammatory
challenge? Could the lack of effects be due to dose chosen? 

10. Figure 5: Did TIMP2 treatment in vitro increase total # of Iba1+ microglia? 

Version 1: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
The authors have addressed my concerns. THey have provided a thoughtful response to the data showing increased CD68
and decreased myelin phagocytosis, and and tried phagocytosis assays with another substrate, and examined synpatic
phagocytosis in KO mice. I think the paper is strong and provide some unique insights into TIMP2 as a potential
mediator/preventer of age-related microglial dysfunction. 

Reviewer #2 

(Remarks to the Author) 
This reviewer has no further comments. The authors have done an excellent job addressing all comments from the initial
review, and the manuscript is now clear, rigorous, and presents a very strong and cohesive story. 

Reviewer #3 

(Remarks to the Author) 
The authors have addressed all my concerns. 

Reviewer #4 

(Remarks to the Author) 
The authors have been responsive to all reviewer's concerns. The manuscript has been sufficiently improved. No new
concerns remain. 
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+6-&/:-9711&-<<-@5&/8&?3@9/>1371&=67>/@H53@&7@53:35H&8--2;&5/&I-&@1793<3-2A&$8U-@53/8&/<&?H1-38&385/&56-&I9738D&
/9&-C7?3838>&?3@/91>371&=67>/@H5/;3;&/<&?H-138&7<5-9&38U09H&L;0@6&7;&1H;/1-@35638M&./012&71;/&I-&>9-75D&
I05&=-967=;&8/5&@9353@71A&

Response: +6784&H/0& </9& 973;38>& 563;&=/385A&%-&7>9--& 5675& 56-&/:-9711&-<<-@5&/<&+$)FG&/8&?3@9/>137&
=67>/@H5/;3;& @78& I-& @1793<3-2& 38& /09& ?780;@93=5A& +/& -C7?38-& .6-56-9& +$)FG& 2-1-53/8& 7<<-@5;&
=67>/@H5/;3;&/<&/56-9&;0I;5975-;D&.-&9-=-75-2&56-&=9-:3/0;&7;;7H&=-9</9?-2&</9&?H-138D&563;&53?-&0;38>&
=\9/2/X17I-1-2& EH?/;78D& 7;& ;0>>-;5-2A& B2015& ?3@9/>137& 3;/175-2& <9/?& 57?/C3<-8X59-75-2&
Cx3cr1CreERT2/+;Timp2fl/fl&782&Timp2fl/fl&@/859/1;&.-9-&59-75-2&.356&=\9/2/X17I-1-2&EH?/;78&782&0=574-&
.7;&?/835/9-2D&9-:-7138>&8/&;3>83<3@785&23<<-9-8@-&</9&563;&=7953@0179&;0I;5975-&LSuppl. Fig. 4a-cMA&(56-9&
./94&67;&;6/.8&5675&?3@9/>137&/<5-8&-C63I35&;0I;5975-X;=-@3<3@&=67>/@H53@&=9-<-9-8@-;1&782&5675&23<<-938>&
;0I;5975-;& 3820@-& 083Z0-& 5978;@93=53/871& ;575-;2D& ;0==/9538>& 56-& 8/53/8& 5675& ?3@9/>137D& -;=-@3711H& 38&
23:-9;-& ;0I5H=-;D& 2/& 8/5& 9-;=/82& 5/& 711& ;0I;5975-;& -Z0711HA& B@9/;;& /09& ?780;@93=5D& /09& 2757& 79-&
@/8;3;5-85&7@9/;;&75&1-7;5&G&5H=-;&/<&O(&782&59-75?-85&@/85-C5;&L782&;--&9-;=/8;-&5/&I-1/.&@/??-85MD&
79>038>&5675&+$)FG&7<<-@5;&?3@9/>1371&=67>/@H5/;3;&38&@-95738&@/85-C5;A&%-&67:-&722-2&56-&9-:3-.-9Y;&
;0>>-;53/8&5/&<0956-9&-C=1/9-&+$)FGY;&-<<-@5&/8&?3@9/>1371&0=574-&/<&?H-138&38&56-&;-5538>&/<&38U09H&5/&56-&
23;@0;;3/8&LI-1/.MA&
&
^_<0509-&./94&.311&8--2&5/&32-853<H&56-&239-@53/87135H&/<&56-;-&@678>-;&</11/.38>&59-75?-85&.356&+$)FG&
782&9-175-2&<7@5/9;&782&56-&-C5-85&5/&.63@6&=67>/@H5/;3;&/<&:793-2&5H=-;&/<&2-I93;&3;&7<<-@5-2&782&082-9&
.675&@/85-C5;D&38@10238>&38U09H&782&/56-9&?/2-1;A`&
&
%631-&'QRS&3;&;/?-53?-;&385-9=9-5-2&7;&7&=9/CH&</9&=67>/@H5/;3;D&35&2/-;&8/5&71.7H;&239-@51H&@/99-175-&
.356&1-:-1;&/<&=67>/@H53@&7@53:35H&38&?H-1/32&@-11;D&7;&/8-&;502H&</082&5675&?7@9/=67>-&=67>/@H5/;3;&
.7;& 8/9?71& 38& 'QRS& O(& ?3@-3D& 782& /56-9;& 67:-& 9-=/95-2& 38@9-7;-2& 'QRS& 71/8>;32-& 9-20@-2&
=67>/@H53@&@1-7978@-4D&38@10238>&7&9-@-85&;502H&;6/.38>&-1-:75-2&'QRS&38&13=32X7@@0?017538>&?3@9/>137&
.356&9-20@-2&=67>/@H5/;3;5A&$8;5-72D&@678>-;&38&'QRS&@78&9-<1-@5&@678>-;&38&1H;/;/?71&<08@53/86&/9&
705/=67>H7A&(09&2757&@/8;3;5-851H&;6/.&38@9-7;-2&80?I-9&/<&'QRS+ ?3@9/>137&.6-8&+$)FG&3;&2-1-5-2D&
71/8>;32-& 9-20@-2& =67>/@H5/;3;& L71;/& ;--&-C=-93?-85& 7229-;;38>& =/385& Ja& I-1/.MA&+6-& 38@9-7;-& 38&
'QRS+& ?3@9/>137& .356& 9-20@-2& =67>/@H5/;3;& ?7H& 9-<1-@5& 2-17H-2& 7I3135H& /<& 1H;/;/?-;& 5/& 2->972-&
?75-9371;D&@/8;3;5-85&.356&9-20@-2&?H-138&@1-7978@-&IH&?3@9/>137&.-&/I;-9:-2&LFig. 4j-kMA&$8&;-5538>;&/<&
<7015H&=67>/@H5/;3;D&@-11;&?7H&0=9->0175-&'QRS&7;&7&@/?=-8;75/9H&9-;=/8;-&5/&67821-&@79>/b2-I93;A&
%-&71;/&8/5-&5675&.-&/I;-9:-2&-1-:75-2&63==/@7?=71&$,V&1-:-1;&/<&1H;/;/?71&;-938-&=9/5-7;-&+FFK&38&
+$)FG& O(& ?3@-D& 7& =6-8/5H=-& /I;-9:-2& 38& >137& <9/?&BQ& ;0IU-@5;& /9& 56/;-& .356& 1H;/;/?71& ;5/97>-&
23;/92-9;8A&%-&67:-&722-2&I93-<&23;@0;;3/8&/<&;/?-&/<&56-;-&=/385;&38&56-&23;@0;;3/8&;-@53/8&L138-;&WKaX
WGGM&5/&63>613>65&56-;-&=/;;3I31353-;A&&
&
aA&V3>A&W=DZ&;6/.;&7&@678>-&38&?3@9/>1371&;H87=53@&=67>/@H5/;3;&.356&+$)FG&59-75?-85A&$5&./012&I-&:-9H&
6-1=<01&5/&-C7?38-&56-&9-@3=9/@71&-<<-@5&38&+$)FG&O(&?3@-A&$;&56-9-&78&38@9-7;-&38&;H87=53@&=67>/@H5/;3;&
38&+$)FG&4/&?3@-&L?3@9/>1371&/9&>1/I71M[&+63;&3;&=7953@01791H&9-1-:785&@/8;32-938>&56-&7056/9;&=9-:3/0;&
=7=-9& /8& +$)FG& 782& ;H8=7;-;D& 782& ;/?-& @/??-85& /8& 56-& 9-1753:-& @/8593I053/8;& /<& 56-& "')& :;A&
?3@9/>1371&?-@6783;?;&/8&;H87=53@&385->935H&./012&I-&.-1@/?-A&



&
Response: +6784&H/0&</9& 563;&-C@-11-85&;0>>-;53/8A&%-&67:-&</11/.-2&56-& 9-:3-.-9Y;&;0>>-;53/8& 5/&
-C7?38-&?3@9/>1371& ;H87=;-&=67>/@H5/;3;& 38&+$)FG&O(&?3@-& 38&/92-9& 5/&7229-;;& 56-&?738&@9353@3;?&
;575-2& IH& 56-& 9-:3-.-9& 5/& -C7?38-& 78/56-9& =6-8/5H=-& 38& O(& ?3@-A& $85-9-;538>1HD& 0;38>& 56-& ;7?-&
7==9/7@6& 05313E-2& </9& +$)FG& 59-75?-85D& .-& </082& 5675& ?3@9/>137& 38& +$)FG& O(& 2-8575-& >H90;& 67:-&
;3>83<3@7851H& 1-;;& #>105K+& =08@57& .35638& 1H;/;/?-;& 9-1753:-& 5/& ?3@9/>137& 38& %+& ?3@-& LFig. 2g-hMA&
'/?I38-2&.356&/09&<38238>&5675&+$)FG&59-75?-85&9-;5/9-;&=67>/@H53@&@7=7@35H&/<&7>-2&?3@9/>137D&56-;-&
2757& ;0==/95& /09& /:-9711& @173?& 5675& +$)FG& 7<<-@5;& ?3@9/>1371& =67>/@H5/;3;& /<& ;H87=53@& =08@57& 38& 7&
9-@3=9/@71& <7;63/8A&+63;&/I;-9:753/8&71;/&;0==/95;&/09& 38&:359/&2757& 38&.63@6&.-&/I;-9:-&23?383;6-2&
=67>/@H53@&0=574-&/9&@1-7978@-&L</9&?H-138M& 38&?3@9/>137& 17@438>&+$)FGA&%-&9-=/95-2&=9-:3/0;1H& 5675&
2-829353@&;=38-&@/?=1-C35H& 38&56-&Q]&3;&;3>83<3@7851H&9-20@-2&38&56-&;-5538>&/<&+$)FG&2-1-53/89D&.63@6&
@/012&9-<1-@5&7&;-=7975-&?-@6783;?&38&.63@6&+$)FG&239-@51H&7<<-@5;&"')&7@@0?01753/8&5/&7<<-@5&;=38-&
2H87?3@;& 782& 6/?-/;57;3;A& \-7156H& ?3@9/>137& 38& 56-& ;-5538>& /<& 63>6-9& +$)FG& 1-:-1;& 782& 38& 7& 1-;;&
38<17??75/9H&-8:39/8?-85&?7H&71;/&9-?/:-&@-95738&5H=-;&/<&;H87=;-;&?/9-&-<<3@3-851HD&I-55-9&;0==/9538>&
/:-9711&;=38-&@/?=1-C35HA&+6-9-&3;&7&>9/.38>&135-97509-&79>038>&5675&"')&782&?3@9/>137&385-97@5&5/&7<<-@5&
;=38-&2H87?3@;10D& 973;38>& 56-& =/;;3I3135H& /<& 78& 38239-@5&?-@6783;?&IH&.63@6&8-09/8;& 79-&715-9-2&IH&
?3@9/>1371& I-67:3/9& /8& "')& .35638& 56-& ?3@9/-8:39/8?-85D& 56/0>6& .-& 6/=-& 5/& <0956-9& -C=1/9-& 56-;-&
9-1753/8;63=;& 782& 9/1-;& </9& +$)FG& 38& <0509-& ./94A& %-& 67:-& 38@102-2& 56-;-& =/;;3I31353-;& 782& /09&
;=-@01753/8&7;&7&@/??-85D&7;&;0>>-;5-2&IH&56-&9-:3-.-9D&38&56-&23;@0;;3/8&L138-;&cWWXcRKMA&&
&
&
cA&V3>A&G6X$&?3>65&I-&I-55-9&38&56-&,0==1-?-85D&7;&56-H&79-&U0;5&:71327538>&56-&?-56/2&782&0;-&WCVBQ&
?3@-D&.63@6&;--?&/05&/<&=17@-A&
&
Response: %-&56784&56-&9-:3-.-9&</9&563;&;0>>-;53/8D&7;&.-&7>9--&56-;-&=7953@0179&?3@-&79-&?-785&
/81H&</9&:7132753/8&782&8/5&7&?738&</@0;&/<&56-&=7=-9A&%-&67:-&?/:-2&56-&dF,&\)%'(&in vivo&
?3@9/2371H;3;&:7132753/8&-C=-93?-85&5/&56-&;0==1-?-85D&7;&;0>>-;5-2D&.63@6&@78&8/.&I-&</082&38&
Supplementary Figure 2l-mA&
&
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&



&
&
!-:3-.-9&JG&L!-?794;&5/&56-&B056/9MN&
&
e/056X7;;/@375-2&=9/5-38&+$)FG&715-9;&?3@9/>1371&;575-&782&<08@53/8&38&56-&@/85-C5&/<&7>38>A&
&
\-??-9&-5&71A&
&
$8&563;&?780;@93=5D&56-&7056/9;&17H&/05&;-5;&/<&38&:3:/&782&38&:359/&-C=-93?-85;&5/&I-55-9&082-9;5782&56-&
9/1-&/<&+$)FG&38&56-&@/85-C5&B1E6-3?-9f;&23;-7;-&782&35;&@/99-1753/8&5/&7>38>A&PH&=-9</9?38>&!*B;-Z&
782&@/?=7938>&%+&5/&+$)FGXO(&?3@-D&56-&?3@9/>137&38&+$)FGXO(&67:-&78&g3??08/1/>3@711Hg&
7@53:75-2&;575-D&79-&=9/X38<17?75/9H&782&67:-&9-20@-2&=67>/@H5/;3;&38&8/9?71&?3@-A&!-X72?383;59753/8&
/<&+$)FG&7==-79;&5/&9-:-9;-&56-;-&=6-8/5H=-;D&.356&56-&7056/9;&@/8@10238>&5675&56-&=9-;-8@-&/<&
+$)FG&4--=;&?3@9/>137&38&7&8/8X7@53:-&;575-&782&67:38>&7&?/9-&8-0971&=9/5-@53:-&9/1-A&
&
(:-9711D&563;&?780;@93=5&3;&385-9-;538>&782&=9/:32-;&722353/871&38;3>65&9->79238>&56-&9/1-&/<&+$)FGA&+6-&
-C=-93?-85;&79-&.-11&@/859/11-2&782&38&>-8-971&.-11&56/0>65&/05A&
&
Response: %-&7==9-@375-&56-&9-:3-.-9&8/538>&5675&56-&?780;@93=5&3;&^385-9-;538>D&=9/:32-;&722353/871&
38;3>65;D&3;&.-11X@/859/11-2&782&3;&.-11&56/0>65&/05`A&%-&67:-&7229-;;-2&56-&@/8@-98;&7;&/05138-2&
I-1/.A&&
&
]-8-971&/I;-9:753/8;N&
X&+6-&3859/20@53/8&;--?;&7&I35&I/31-9X=175-A&
&
Response: %-&7==9-@375-&563;&@/??-85&782&67:-&9-:3;-2&56-&3859/20@53/8&5/&=9/:32-&722353/871&8078@-&
</9&56-&=9/U-@5D&7;&63>613>65-2&569/0>6/05&56-&3859/20@53/8&38&H-11/.A&&
&
X&,5753;53@71&;3>83<3@78@-N&38&;/?-&@7;-;&L<3>&K&782&cMD&35&3;&3823@75-2&5675&^_&3;&;13>651H&38@9-7;-2b59-82&5/&
38@9-7;-& .356/05& 9-7@638>& ;5753;53@71& ;3>83<3@78@-`A& +6-;-& ;575-?-85;& ;6/012& I-& 7:/32-2D& -;=-@3711H&
.6-8&56-9-&3;&63>6&:7937I3135H&38&56-&;7?=1-;A&
&
Response: %-&7==9-@375-&5675&563;&@78&722&@/8<0;3/8A&%-&67:-&9-:3;-2&38;578@-;&/<&59-8238>&-<<-@5;&
5/&@1793<H&5675&56-;-&-<<-@5;&232&8/5&9-7@6&;5753;53@71&;3>83<3@78@-&/9&67:-&9-?/:-2&/56-9&38;578@-;&-8539-1HA&&
&
X&*/5&;09-&.675&56-&@/8593I053/8&/<&711&56-&/?3@;&2757&3;&/56-9&5678&38</9?753:-D&782&6/.&35&?74-;&56-&
;5/9H&;59/8>-9A&'/012&56-&7056/9;&0;-&;/?-&/<&56-;-&2757&5/&-C7?38-&56-&?-@6783;?&38&?/9-&2-=56[&
&
Response: %-&56784&56-&9-:3-.-9&</9&563;&=/385&782&7>9--&5675&-8678@38>&/09&7871H;3;&/<&!*B;-Z&2757&
.311&=9/:32-&?/9-&38;3>65;&385/&56-&?-@6783;?&/<&+$)FGX3820@-2&?3@9/>1371&715-9753/8;&293:38>&9-1-:785&
=6-8/5H=-;A&]3:-8&/09&<38238>;&5675&+$)FG&59-75?-85&7<<-@5;&?3@9/>1371&=67>/@H5/;3;&/<&;H87=53@&=08@57&
LFig. 5w-xM& .-& 73?-2& 5/& -C7?38-& 3<& ?3@9/>1371X8-09/871& 385-97@53/8;& 79-& 715-9-2& </11/.38>& +$)FG&
59-75?-85A& B;& ;0@6D& .-& =-9</9?-2& '-11X'675& 7871H;-;& /8& /09& ;8!*B;-Z& 2757;-5& 782& </082& 5675&
63==/@7?=71&?3@9/>137& 38@9-7;-& 56-39&80?I-9&/<& 385-97@53/8;&.356&8-09/8;& 9-1753:-& 5/&:-63@1-X59-75-2&
?3@9/>137& LFig. 5sMA& %-& <0956-9& =9/I-2& .675& ?3@9/>1371X8-09/871& ;3>87138>& =756.7H;& .-9-& 715-9-2&
I-5.--8&>9/0=;&782& </082& 5675&+$)FG& 59-75?-85& 2/.89->0175-2&>1057?75-& ;3>87138>&=756.7H;&782&
7;;/@375-2&13>782X9-@-=5/9&=739;D&.631-&38@9-7;38>&@/??083@753/8&=9/I7I3135H&</9&BQ]!d&;3>87138>11,12&
LFig. 5t-vMD&78&726-;3/8&]F'!& 1384-2& 5/&;3>87138>&=756.7H;&715-9-2& 38&=67>/@H5/;3;A& $8&2-1-5-93/0;&
@/85-C5;D&?3@9/>137&67:-&I--8&;6/.8&5/&-C63I35&=-9509I-2&>1057?75-&;3>87138>&1-7238>&5/&8-09/5/C3@35H13&
782& @678>-;& 38& ;H87=;-;14A& +6-;-& 7871H;-;& =/385& 5/& 385-9-;538>& =/5-85371& ?-@6783;?;& 38:/1:38>&
?3@9/>1371X8-09/871&385-97@53/8;&5/&I-&-C=1/9-2&38&<0509-&239-@53/8;A&&&&



&
,=-@3<3@&/I;-9:753/8;N&
d38-&GWN&8-09/X2-X>-8-9753:-[&
&
Response: +6784&H/0&</9&@75@638>&563;&5H=/D&.63@6&.-&67:-&8/.&@/99-@5-2&5/&^8-09/2->-8-9753:-`&L138-&
GWMA&
&
d38-&WTN&BQD&2/-;& 563;& 9-<-9& 5/&B1E6-3?-9f;[& $<&;/D& 56-&;->0-&<9/?& 3859/20@53/8D&-;=-@3711H& 138-&cRXch&
7I/05&56-&1/;;&/<&8-.I/98&8-09/8;&;6/012&@/85738&;/?-&23<<-9-8@;&I-5.--8&?/0;-&782&60?78;A&
&
Response: e-;D& BQ& 38& 56-& $859/& 9-<-99-2& 5/& B1E6-3?-9Y;& 23;-7;-& L.63@6& .-& 8/.& 2-<38-& 75& <39;5&
7==-7978@-MD&I05&.-&67:-&9-:3;-2&563;&;->0-&38&9-:3;3/8&/<& 56-&$859/20@53/8&5/&?/9-&I9/721H&23;@0;;&
8-09/2->-8-9753/8&782&7>38>A&%-&67:-&</@0;-2&/8&@678>-;&5/&56-&3??08-&-8:39/8?-85&38&7>38>&782&
BQD&7;&/==/;-2&5/&1/;;&/<&8-.I/98&8-09/8;&5675&.-&672&38@102-2&-7913-9D&5/&</@0;&/8&56-&=9-2/?38785&
=6-8/5H=-;&23;@0;;-2&569/0>6/05&56-&=7=-9A&&
&
d38-;&WSXRKN&;5978>-&;-85-8@-&
&
Response: %-&67:-&9-:3;-2&563;&;-85-8@-&5/&-8678@-&9-727I3135H&L138-;&WWXRTMA&
&
d38-;&hKXSK&9-<-9-8@-&7&9-@-85&;502H&7I/05&+$)FG&:793785;&782&@/>8353:-&7I3135H&3;&7&=9-=9385&782&67;&
8/5&I--8&=--9&9-:3-.-2A&B;&;0@6D&563;&;6/012&I-&?-853/8-2&38&56-&5-C5A&*/5-&5675&38&56-&=9-=9385D&gB<5-9&
;59753<H38>&</9&Bi&;5750;D&;3>83<3@78@-&232&8/5&;09:3:-&VQ!&=X:710-&@/99-@53/8&</9&?0153=1-&@/?=793;/8;D&
7156/0>6&56-&7;;/@3753/8&.7;&;3>83<3@785&75&8/?3871&1-:-1&782&>9/0=X@/99-@53/8D&9-;=-@53:-1HAg&+63;&.7;&
2/8-&38&75X93;4&=753-85;&/<&BQ&782&8/5&8-@-;;7931H&78&7>-X9-175-2&@/?=793;/8A&
&
Response: ,38@-&/09&3835371&;0I?3;;3/8D&56-&@35-2&;502H&67;&I--8&=0I13;6-2&38&Neurobiology of AgingA&
%-&67:-&72U0;5-2&56-&@35753/8&5/&9-<1-@5&563;A&%-&67:-&71;/&9-:3;-2&56-&5-C5&L138-;&hhXhSM&5/&Z0713<H&5675&
563;&;502H&.7;&@/820@5-2&/8&7>-2&3823:32071;&75&38@9-7;-2&93;4&</9&2-:-1/=38>&BQA&&
&
V3>09-&K&

:&)-853/8&/<&=0=;Y&782&72015&?3@-&7>-&38&56-&5-C5D&8/5&U0;5&38&1->-82D&./012&I-&?/9-&38</9?753:-&</9&
9-72-9;A&

Response: %-&7>9--&563;&./012&I-&?/9-&38</9?753:-&9-72-9;&782&67:-&38@/9=/975-2&7>-&<0956-9&385/&
56-&5-C5&782&-8;09-2&563;&3;&@1-79&38&711&<3>09-&1->-82;A&&
&

:&B8H&23<<-9-8@-;&/I;-9:-2&.356&;-C[&

Response:&V/9&-C=-93?-85;&38:/1:38>&-791H&=/;587571&?3@9/>137&38&V3>09-&KD&;7?=1-;&<9/?&I/56&;-C-;&
672&5/&I-&=//1-2D&?7438>&35&3?=/;;3I1-&5/&23;;-@5&78H&-<<-@5;&/<&;-CA&\/.-:-9D&.-&5//4&@79-<01&?-7;09-;&
5/&;-CX?75@6&38&563;&<3>09-&782&.6-9-:-9&<-7;3I1-&38&72015&?3@-&7@9/;;&56-&?780;@93=5D&782&.-&232&8/5&
/I;-9:-&;-C&23<<-9-8@-;D&.63@6&3;&@/8;3;5-85&.356&/09&=9-:3/0;&./94&38&72015&?3@-&17@438>&+$)FG&38&/56-9&
'*,&=6-8/5H=-;9A&
&

:&B5&.675&7>-&L=0=;[&72015[M&.7;&56-&!*BX;-Z&=-9</9?-2[&
&
Response: !*BX;-Z&.7;&=-9</9?-2&0;38>&=0=;&FRXFhA&P-H/82&38@10;3/8&38&56-&<3>09-&1->-82D&.-&67:-&
722-2&56-;-&2-5731;&5/&56-&?738&5-C5&5/&@1793<H&563;&=/385D&7;&;--8&38&138-&KGTA&&
&

:&B5&.63@6&27H&7<5-9&=17538>&.-9-&56-&@-11;&;5738-2[&+6-&3;/1753/8&=9/@-;;&@/012&38@9-7;-&56-&7@53:753/8&
;575-A& %6H& 8/5& 239-@51H& ;5738& 72015&?3@-& 38& :3:/D& -;=-@3711H& 38& 56-&63==/@7?=0;D& 38;5-72& /<& @0150938>&
?3@9/>137&3;/175-2&<9/?&72015&?3@-[&



&
Response: ,/?-&3;/1753/8&?-56/2;&@78&7<<-@5&7@53:753/8&;575-D&;/&.-&67:-&574-8&@79-<01&;5-=;&38&/09&
-C=-93?-8571&?-56/2;&</9&3;/1753/8&5/&?383?3E-&56-&3?=7@5&/<&56-&3;/1753/8&=9/@-;;&/8&7@53:753/8&;575-D&
38@10238>&=-9</9?38>&in vitro&3;/1753/8;&/8&3@-D&.63@6&;3>83<3@7851H&?383?3E-;&563;&7@53:753/815A&B22353/8711HD&
<08@53/871&-C=-93?-85;&.-9-&=-9</9?-2&7@@/9238>&5/&-;57I13;6-2&=9/5/@/1;&38&.63@6&72015&?3@9/>137&79-&
=175-2&782&711/.-2&5/&9-@/:-9&</9&jh&27H;&5/&?383?3E-&3820@-2&7@53:753/816,17&782&3?7>-2&3??-2375-1H&
</11/.38>& 563;& 9-@/:-9H&=-93/2A&%-&0;-2&@-11&@01509-&7;;7H;& 38& 563;&;502H& 5/&I-55-9& <7@313575-&7;;7H&/<&
<08@53/871&-82=/385;D&782&.-&:713275-2&<38238>;&38&?/0;-&63==/@7?=0;&.6-9-:-9&=/;;3I1-A&+/&7229-;;&
56-&9-:3-.-9Y;&;0>>-;53/8&38&V3>09-&K&5675&56-&;573838>&<9/?&@-11&@01509-&;6/012&I-&=-9</9?-2&38&72015&
63==/@7?=0;D& .-& :713275-2& +$)FG& ;573838>& 38& I9738& 53;;0-& <9/?& 72015& ?3@-A& %-& 0;-2&
3??08/63;5/@6-?3;59H& 782& @/8</@71& 3?7>38>& </9& 7853X+$)FG& 782& 7853X'QRS& ;573838>& /<& ?3@9/>137& 38&
63==/@7?=0;D&<38238>&5675&jSTk&/<&+$)FGX=/;353:-&?3@9/>137&79-&'QRSX=/;353:-&LFig. 1k-oMD&.63@6&.7;&
;3?3179&5/&/09&=9-:3/0;&38&:359/&9-;015;D&>3:38>&0;&@/8<32-8@-&38&I/56&;H;5-?;&782&/09&/:-9711&@/8@10;3/8;A&&
&

:&K-N&*/5-&5675&56-&3;/175-2&?3@9/>1371&.-9-&@01509-2&</9&;-:-971&27H;&I-</9-&=9/@-;;38>&</9&!*B;-ZD&782&
8/5&;09-&3<&563;&=9/@-209-&@/8</082;&56-&9-;015;A&B1;/D&.6-8&9-7238>&56-&?-56/2;D&35&7==-79;&5675&Q"];&
.-9-&@6/;-8&I7;-2&/8&7&FX:710-&l&TATWA&+6-&Q"];&;6/012&I-&@6/;-8&I7;-2&/8&782&72U0;5-2&=X:7102-&
L/9& VQ!& .63@6& 3;& ;3?3179MA&
&
ResponseN&B;&?-853/8-2&7I/:-D&.-&0;-2&78& in vitro&=9/5/@/116&5675&?383?3E-;&7953<3@371&7@53:753/8&</9&
3;/175-2&?3@9/>137D&.63@6&38:/1:-;&;-:-971&27H;&38&@01509-&=93/9&5/&@/11-@53/8&</9&!*B;-ZA&%-&7==9-@375-&
56-& 9-:3-.-9Y;&@/??-85& 9->79238>&0;-&/<&8/?38711H&;3>83<3@785&Q"];D&.63@6&.-9-&0;-2& 38& 56-& 3835371&
;0I?3;;3/8& 7;& 38=05& </9& FX72U0;5-2& -893@6-2& =756.7H;& </9& 6H=/56-;3;& >-8-9753/8A& +/& 7229-;;& 56-&
@/8@-98D&.-&@71@0175-2&72U0;5-2&P :710-;&0;38>&56-&@/8:-853/871&P-8U7?383X\/@6I-9>&=9/@-209-&LFadj&
l&TATWm&8/.&9-=9-;-85-2&7;&:/1@78/&=1/5m&Supplementary Fig. 1hMA&]-8-&/85/1/>H&/:-9X9-=9-;-85753/8&
=756.7H&7871H;-;&</9&I3/1/>3@71&=9/@-;;-;&LPFM&0;38>&56-;-&Fadj&>-8-;&9-:-71&:-9H&;3?3179&5-9?;&7;&38&
/09&3835371&7871H;3;D&38@10238>&=9/@-;;-;&9-175-2&5/&@H5/438-&;3>87138>D&@-11&7@53:753/8D&782&3??08-&;H;5-?&
=9/@-;;-;& LSupplementary Fig. 1j)A& +/& <0956-9& -C=1/9-& 56-& 2757;-5D& .-& 0;-2& 9784-2& ],"B& 782&
%-3>65-2&]-8-&'/99-1753/8&*-5./94&B871H;3;&L%]'*BM&7==9/7@6-;&5675&0;-&711&>-8-;&38&56-&2757;-5&
5/&-C7?38-&-893@6?-85D&/9&?/201-;&32-853<3-2&38&78&08;0=-9:3;-2&.7H&0;38>&711&>-8-;&782&56-39&=739.3;-&
-C=9-;;3/8& @/99-1753/8;D& 9-;=-@53:-1HD& 5/& 32-853<H& -893@6-2& =756.7H;A& ],"B& /8& 711& >-8-;& 9784-2&
7@@/9238>&5/&56-&%712&;5753;53@& <9/?&Q-;-ZG&75&Fadj&l&TATW&9-:-71-2&5675&+$)FG&O(&?3@9/>137&-C63I35&
2/.89->0175-2&=9/@-;;-;&9-175-2&5/&;H87=;-;&782&8-09/871&23<<-9-853753/8&782&0=9->0175-2&=9/@-;;-;&
38:/1:-2&38&@-11&7@53:753/8&38:/1:-2&38&3??08-&9-;=/8;-D&9->01753/8&/<&@H5/438-&=9/20@53/8D&782&3??08-&
;H;5-?&=9/@-;;-;&LFig. 1dM&7;&;--8&38&=9-:3/0;&7==9/7@6-;A&(09&%]'*B&7==9/7@6&32-853<3-2&;-:-971&
;3>83<3@785&?/201-;D&38@10238>&7&2/.89->0175-2&@H78&?/201-&782&0=9->0175-2&9-2&?/201-&38&+$)FG&O(&
:;&%+&?3@9/>137& LFig. 1eMA&(:-9X9-=9-;-85753/8&7871H;-;&/8&>-8-;&-C597@5-2& <9/?& 56-&@H78&?/201-&
9-:-71-2& @678>-;& 38& =756.7H;& 9-175-2& 5/& ;H87=;-;& 782& >-8-9753/8& /<& 8-09/8;& LFig. 1fMD& .631-& 9-2&
?/201-& >-8-;& 9-<1-@5-2& -893@6?-85& 38& =756.7H;& 5675& 38@102-2& @-11& 7@53:753/8& 782& 3??08-& ;H;5-?&
=9/@-;;-;&38&O(&?3@9/>137&LFig. 1gMA&(09&0=275-2&782&?/9-&9/I0;5&7871H;-;&67:-&I--8&722-2&5/&56-&
?780;@93=5D& ;0==/9538>&/:-9711&/09&@173?& 5675&+$)FG&2-1-53/8& 3;&7;;/@375-2&.356&=9/@-;;-;& 1384-2& 5/&
38@9-7;-2& ?3@9/>1371& 7@53:753/8D& .63@6& 3;& I9/721H& @/99/I/975-2& 0;38>& ;0I;-Z0-85& 7==9/7@6-;& 38& 56-&
?780;@93=5&7@9/;;&38&:359/&782&38&:3:/&?/2-1;A&&
&
V3>09-&G&782&,0==1&V3>&G&

:&,0==1&V3>G&7DIN&'QRS&;573838>&3;&:-9H&23?&782&8/5&:-9H&@/8:38@38>A&B1;/D&6/.&.7;&56-&@/:-97>-&
?-7;09-?-85&L,0==1&V3>GIM&2/8-&782&.7;&35&I7;-2&/8&56/;-&;7?-&3?7>-;[&563;@/012&I-&=9/I1-?753@A&
$8&56-&;7?-&>97=6D&35&;--?;&5675&/81H&a&?3@-&38&56-&O(&>9/0=&79-&63>6-9&5678&56-&9-;5&782&71;/&.7;&3;&
56-&?-78&:710-[&+63;&9-;015&2/-;8Y5&;--?&;59/8>&-8/0>6&5/&9-711H&3823@75-&38@9-7;-2&?3@9/>13/;3;A&
&
ResponseN&]3:-8&56-&H/08>&7>-&/<&56-&?3@-&38&56-&<3>09-&9-<-9-8@-2&IH&56-&9-:3-.-9D&1/.&1-:-1;&/<&'QRS&
79-&-C=-@5-2D&7;&;--8&</9&563;&?794-9&38&/56-9&;5023-;&75&;3?3179&7>-;18-22D&9-<1-@538>&5675&?3@9/>137&-C63I35&
1/.&1-:-1;&/<&7@53:753/8&782&?7H&I-&?/;51H&6/?-/;5753@&75&563;&7>-23A&+6-&'QRS&@/:-97>-&?-7;09-?-85&



38&,0==A&V3>A&GI&0;-;&56-&;7?-&531-X;@788-2&cTC&@/8</@71&3?7>-;&7@9/;;&V3>A&G7XI&782&,0==1A&V3>A&G7X
@&I05&7==13-;&7&083</9?&569-;6/12&I7;-2&/8&:3;3I1-&'QRS&;573838>&38&56-&3?7>-;&7@9/;;&711&?3@-D&H3-1238>&
569-;6/12-2&79-7&7;&7&=-9@-857>-&/<&5/571&79-7&Z07853<3-2A&+6-&?-78&k&'QRSn&@/:-97>-&</9&%+&?3@-&
3;&TATSGD&.631-&56-&O(&?-78&3;&TAKacRD&7&9-;015&5675&.7;&;5753;53@711H&;3>83<3@785A&"C7?3838>&56-&:79378@-&
8/5-2&IH&56-&9-:3-.-9&38&,0==A&V3>A&GID&56-&9-;015&9-?738-2&;5753;53@711H&;3>83<3@785&-:-8&7<5-9&56-&08-Z071&
:79378@-&.7;&7@@/085-2&</9&.356&%-1@6Y;&@/99-@53/8A&B156/0>6&56-&1/.-9&1-:-1;&79-&-C=-@5-2&</9&?3@-&75&
563;&H/08>&7>-D&56-&9-=/95-2&@678>-&3;&;0>>-;53:-&/<&7&@678>-&38&'QRS&.356&+$)FG&2-1-53/8D&71/8>&.356&
/56-9&@678>-;&38&56-&;7?-&7>-&38&V3>A&GD& 56/0>6&.-&082-9;5782&5675& 56-&.-74-9&-<<-@5&?7H&.799785&
@7053/8A&%6-8&.-&-C7?38-&;13>651H&/12-9&?3@-&38&.63@6&I7;-138-&'QRS&-C=9-;;3/8&3;&63>6-9D&7;&-C=-@5-2&
LFigure 2d-fMD& .-& ;--& 7& ;5753;53@711H& ;3>83<3@785& 23<<-9-8@-& I-5.--8& >9/0=;& 5675& 3;& I9/721H& /I;-9:-2&
569/0>6&/56-9&?-7;09-;&38&56-&?780;@93=5A&%-&67:-&715-9-2&178>07>-&</9&3?=9/:-2&@17935H&782&@7053/8&
38&56-&385-9=9-5753/8&/<&'QRS&;573838>&38&H/08>-9&?3@-&38&aXcX?/856X/12&?3@-&L138-;&KRWXKhKMA&
&
&

:& %675& 2/-;& 56-& 97?3<3-2& 782& 7?-I/32& ?/9=6/1/>H& 9-=9-;-85& 782& .675& 3;& 56-& @/8@10;3/8& <9/?& 56-&
/I;-9:753/8&5675&56-9-&3;&8/&@678>-&38&56-;-&5H=-;[&
&
ResponseN& %-& 7>9--& .356& 56-& 9-:3-.-9& 5675& 385-9=9-5753/8& /<& .675& 56-;-& ;575-;& ?7H& <08@53/8711H&
9-=9-;-85&3;&8/5&@1-79&38&56-&?780;@93=5D&.63@6&;/?-.675&9-<1-@5;&56-&;/?-.675&?3C-2&082-9;578238>&
/<& 56-;-& 1384;&7@9/;;&;5023-;& 38& 56-& <3-1224,25A&(09&7871H;3;&672& 38353711H&7;;3>8-2&?3@9/>137& 385/& 56-;-&
;575-;&I9/721H&0;38>&7&@71@0175-2&@39@017935H& 382-CD&.63@6& 593-;& 5/&@7=509-&/:-9711&7@53:753/8&;575-A&+/&
3?=9/:-&/09&7==9/7@6&</9&38@9-7;-2&93>/9D&.-&-82-7:/9-2&5/&=-9</9?&7&?/9-&53?-X385-8;3:-D&2-5731-2&
@6797@5-93E753/8& /<& ?3@9/>137& ?/9=6/1/>H& 38&+$)FG& %+& 782& O(& 63==/@7?=3& 0;38>& $?793;& aQXI7;-2&
9-@/8;590@53/8& <9/?& @/8</@71& 3?7>-;A& +63;& 3;& ;0=-93/9& 5/& /09& 3835371& I9/72& @17;;3<3@753/8& /<& ?3@9/>137&
?/9=6/1/>H&385/&^97?3<3-2`D&^7@53:75-2`&/9&^7?-I/32`D&;/&5675&3835371&7871H;3;&67;&I--8&9-?/:-2A&$?793;X
I7;-2&7871H;3;&9-:-71-2&5675&+$)FG&O(&?3@9/>137&-C63I35&38@9-7;-2&:/10?-&782&;09<7@-&79-7&9-1753:-&
5/& %+& ?3@9/>137& LSupplementary Fig. 2g-hMD& 7& =6-8/5H=-& 1384-2& 5/& 5978;353/8& <9/?& 97?3<3-2& 5/&
9-7@53:-b=93?-2&782&6H=-959/=63@&?3@9/>137&38&/56-9&@/82353/8;26-29A&%-&71;/&/I;-9:-2&38@9-7;-2&/I175-&
-113=53@35H&LSupplementary Fig. 2iMD&7&<1755-8-2&=6-8/5H=-&7;;/@375-2&.356&7?-I/32&?3@9/>137&5675&?7H&
I-& 7;;/@375-2& .356& 7& =9/X38<17??75/9H& ;575-26,27,30A& +$)FG& O(& ?3@9/>137& 71;/& -C63I35& 7& @/8:-9;-&
2-@9-7;-&L56/0>6&8/5&;5753;53@711H&;3>83<3@785D&FoTATRM&38&=9/175-&-113=53@35H&LSupplementary Fig. 2iM&5675&
3;&7;;/@375-2&.356&?/9-&-1/8>75-2D& 9-;=/8;3:-&?3@9/>13731,32A&P978@638>&,6/11& 385-9;-@53/8;&.-9-&8/5&
;3>83<3@7851H& 23<<-9-85& LSupplementary Fig. 2jMA&+/>-56-9D& 56-;-& 9-;015;& 3823@75-& 5675&+$)FG& I9/721H&
7<<-@5;&?3@9/>137&?/9=6/1/>HD&782&.-&67:-& 5-?=-9-2&@/8@10;3/8;& 5675& 1384&?/9=6/1/>H& 5/&?3@9/>1371&
<08@53/8& L138-;& KhWXKSKMD& 7;& 56-9-& 3;& 7@48/.1-2>-2& 23<<3@015H& .356& ;593@51H& 385-9=9-538>& <08@53/8& <9/?&
?/9=6/1/>H&.35638&56-&<3-12A&
&

:&,38@-&G6&782&G3&=9/:32-&38</9?753/8&5/&;-5&7&I7;-138-D&56-H&./012&<35&I-55-9&7;&;0==1-?-8579H&?75-9371A&
B1;/D& 35& ./012& I-& 3?=/95785& 5/& 71;/& 0;-& dF,& 38& %+& ?3@-& 7;& 7& @/859/1& 38& 563;& -C=-93?-85A&
&
ResponseN&%-&7>9--&.356&56-&9-:3-.-9&5675&2757&/93>38711H&;6/.8&7;&V3>09-&G6X3&@78&I-&?/:-2&5/&7&
;0==1-?-8579H&<3>09-A&+63;&@678>-&@78&I-&</082&38&138-&GTS&782&Supplementary Fig. 2l-mA&!->79238>&
0;-&/<&7&%+&?/0;-&7;&7&@/859/1&38&563;&-C=-93?-85D&56-&=09=/;-&6-9-&.7;&/81H&5/&:713275-&/09&7I3135H&5/&
2-5-@5&-C=-@5-2&3??08-X9-175-2&=9/5-38;& 38&56-&$,V&0;38>&/09&?3@9/2371H;3;&7==9/7@6A&,38@-&35Y;&.-11&
-;57I13;6-2&5675&WpVBQ&?3@-&67:-&2-5-@57I1-&3??08-X9-175-2&=9/5-38;&5675&.-&@/012&-7;31H&=-9509I&.356&
dF,D&.-&;-551-2&/8&563;&7==9/7@6&7;&7&=9//<X/<X@/8@-=5D&.63@6&.-&7>9--&<35;&I-55-9&38&56-&;0==1-?-8579H&
?75-9371A&B;&56-&=9//<X/<X@/8@-=5&.7;&;0<<3@3-85&5/&-;57I13;6&5675&5675&56-&5//1&@/012&I-&0;-2&5/&?-7;09-&
3??08-&=9/5-38;&38&56-&$,VD&.-&8/.&38@102-&563;&7;&;0==1-?-8579H&2757&5675&;0==/95&35;&7==13@753/8&38&
%+&:;&O(&?3@-&38&56-&?738&5-C5A&+6-&5-@683Z0-D&38@10238>&;09>-93-;D&;7?=138>D&-Z03=?-85D&782&(X1384&
?-7;09-?-85;&3;&08</950875-1H&@/;51H&I-H/82&@099-85&9-;/09@-;D&;/&.-&.311&-C=1/9-&3??08-&@6711-8>-;&
38&%+&?3@-&38&;0I;-Z0-85&./94&782&6/=-&5675&56-&38@102-2&2757&?/53:75-&/56-9;&5/&=09;0-&56-&;7?-A&
&
V3>09-&a&



:&%675&3;&56-&;3>83<3@78@-&/<&38@9-7;-2&=KRn&@-11;&38&'Ca@9K'9-"!+Gbnm+3?=G<1b<1&?3@-&@/?=79-2&5/&
@591[&
&
ResponseN&+6784&H/0&</9&=/38538>&/05&5675&563;&.7;&08@1-79&38&56-&?780;@93=5A&FKRn&;573838>&38&56-;-&
@-11;&9-<1-@5;&;573838>&</9&=KR$*Oc7D&7&.32-1H&0;-2&?794-9&/<&;-8-;@-8@-&5675&.-&79-&2-5-@538>&38&/09&
=93?79H& ?3@9/>137& <9/?& 'Ca@9K'9-"!+Gbnm+3?=G<1b<1& ?3@-& 7;& ;3>83<3@7851H& -1-:75-2& @/?=79-2& 5/&
?3@9/>137&<9/?&@/859/1&?3@-A&+/&7229-;;& 56-&9-:3-.-9Y;&Z0-;53/8D&.-&<0956-9&:713275-&563;& <38238>&.356&
/56-9&;-8-;@-8@-X7;;/@375-2&?794-9;D&.-&;5738-2&=93?79H&@01509-;&<9/?&'Ca@9K'9-"!+Gbnm+3?=G<1b<1&
782&@/859/1&?3@-&.356&?794-9;&</9&=GK&LSupplementary Fig. 3f-gM&782&,BXI-57X]71&LSupplementary 
Fig. 3h-iMD&.63@6&9-:-71-2&5675&56-;-&?794-9;&79-&71;/&-1-:75-2&.356&+$)FG&2-1-53/8A&+/>-56-9D&/09&2757&
@/8;3;5-851H& ;6/.& 5675& 56-9-& 79-& ;3>83<3@7851H& ?/9-& ?3@9/>137& -C=9-;;38>& ?794-9;& 7;;/@375-2& .356&
;-8-;@-8@-& 38& Cx3cr1CreERT2/+mTimp2fl/fl @/?=79-2& 5/& Timp2fl/fl& @/859/1;D& .63@6& @/?=1-?-85;& 56-&
-893@6?-85&38&?3@9/>1371&;-8-;@-8@-&=756.7H;&38&I014&!*B;-Z&LSupplementary Fig. 1kMA&
&
&
V3>09-&W&

:&,7?-&@/??-85&7;&,0==1&V3>G&7DIA&
&
ResponseN& 'QRS& ;573838>& =9-;-85;& 7;& 7& ;/?-.675& =08@575-2& ;5738& 20-& 5/& 35;& 17I-138>& /<&
=67>/1H;/;/?71&@/85-85A&$8&563;&<3>09-D&>3:-8&56-&72:78@-2&7>-&/<&56-;-&?3@-23D&/09&;573838>&=755-98&
9-<1-@5;&.675&.-&5H=3@711H&;--&782&.675& 3;&/I;-9:-2&IH&/56-9&>9/0=;&75& 175-9&7>-;&0;38>& 563;&?794-9&
L?/9-&;573838>&782&179>-9&79-7&=-9&@-11MA&+/&7229-;;&56-&9-:3-.-9Y;&@/8@-98&/<&56-&=9-:3/0;&3?7>-D&.-&
9-=17@-2&56-&9-=9-;-85753:-&3?7>-;&</9&V3>A&W-&.356&78&3?=9/:-2&?7>83<3@753/8&5675&I-55-9&3110;5975-;&56-&
;573838>&Z07853<3-2&38&563;&-C=-93?-85A&+6-&I9/721H&@/8;3;5-85&=755-98&/<&@678>-;&.-&9-=/95&0;38>&563;&
?794-9& 38& -C=-@5-2& 239-@53/8;D& 2-=-8238>& /8& 56-& ?/201753/8& /<&+$)FGD& 1-82& <0956-9& ;0==/95& 5/& 563;&
/I;-9:753/8A&&
&

:&%675&7I/05&56-&-<<-@5&/<&+$)FG&/8&56-&23<<-9-85&?/9=6/1/>3-;&L7@53:75-2D&97?3<3-2&782&7?-I/32M&134-&38&
V3>AG[&
&
ResponseN&B;&2-;@93I-2&38&/09&9-;=/8;-&5/&56-&9-:3-.-9Y;&-7913-9&@/??-85&/8&?/9=6/1/>H&9-175-2&5/&
Supp. Fig. 2D&.-&67:-&;38@-&9-?/:-2&56-&@39@017935HXI7;-2&7==9/7@6&5675&@75->/93E-2&385/&7@53:75-2D&
97?3<3-2D&782&7?-I/32&782&9-=17@-2&7871H;-;&.356&78&$?793;XI7;-2&7==9/7@6A&V/9&,0==1A&V3>A&WD&.-&
8/.&7==13-2&56-&?/9-&72:78@-2&$?793;XI7;-2&9-@/8;590@53/8&7==9/7@6&5/&7;;-;;&?3@9/>137&?/9=6/1/>H&
<9/?&+$)FGX&/9&:-63@1-X59-75-2&?3@-A&q;38>&<317?-85&597@38>;&/<&7871HE-2&?3@9/>137D&.-&=-9</9?-2&,6/11&
7871H;3;& 5/& 2-5-@5& I9/72& ?/9=6/1/>3@71& @678>-;A& B& 138-79& ?3C-2& ?/2-1& L$85-9;-@53/8;& j& ]9/0=& r&
=/1HL!7230;DGM&n& LK& s&)/0;-$Qb,-@53/8$Qb'-11$QMM& @/820@5-2&/8&,6/11& 2757& <9/?&?78H&?3@9/>137&=-9&
?/0;-& 38& -7@6& >9/0=& 9-:-71-2& ;3>83<3@785& 23<<-9-8@-;& 38& 56-&>9/0=& C& 97230;& 385-97@53/8& 38& 56-& 138-79&
@/?=/8-85D&.356&56-&@09:-&</9&+$)FGX59-75-2&?3@9/>137&2-@7H38>&?/9-&;1/.1HD&;0>>-;538>&?/9-&23;571&
I978@638>& 38& +$)FGX59-75-2& ?3@-& @/?=79-2& 5/& :-63@1-X59-75-2& ?3@-& LSupplementary Fig. 5d-eMA&
$8@9-7;-2& I978@638>& ?7H& 9-<1-@5& 5978;353/8& <9/?& ?/9-& 7?-I/32b7@53:75-2& ;575-;26-29A& B871H;3;& /<&
?3@9/>1371& ;09<7@-;& 71;/& 9-:-71-2& 5675& +$)FGX59-75-2& ?3@9/>137& -C63I35& 38@9-7;-2& =9/175-& -113=53@35H&
LSupplementary Fig. 5fMD& 7& =6-8/5H=-& 7;;/@375-2& .356& ?/9-& 9-;=/8;3:-& ?3@9/>137& 082-9& @-95738&
@/82353/8;31,32A&$85-9-;538>1HD&563;&=9/175-&=6-8/5H=-&.7;&38&/==/;35-&239-@53/8&5/&5675&;--8&38&+$)FG&O(&
?3@9/>137&LSupplementary Fig. 2iMA&B22353/8711HD&/I175-&-113=53@35H&<9/?&+$)FG&59-75?-85&71;/&-C63I35-2&
/==/;35-&239-@53/8&@678>-;&7;&38&O(&?3@-D&56/0>6&35&232&8/5&9-7@6&;5753;53@71&;3>83<3@78@-&L8/5&;6/.8m&
FoTAKMA& #/10?-& .7;& 08@678>-2& IH&+$)FG& 59-75?-85& LSupplementary Fig. 5gMD& 5/>-56-9& 9-<1-@538>&
?/2-;5&I05&@/8;3;5-85&?/9=6/1/>3@71&@678>-;&/:-9711D&711&/<&.63@6&.-&67:-&2-;@93I-2&38&138-;&aGcXaGhA&
&

:&V3>&W=D&35&./012&I-&83@-&5/&;--&/956/>/871&=9/U-@53/8;&5/&@/8<39?&=67>/@H5/;3;A&$8&7&?/9-&>-8-971&.7HD&
35& ./012& I-& 3?=/95785& 5/& ;--& <08@53/871& /9& 9-71X53?-& 7;;7H;& 5/& =9/:-& =67>/@H5/;3;A&
&



ResponseN& +6784& H/0& </9& 973;38>& 563;& 3?=/95785& ;0>>-;53/8 5/& =9/:32-& 722353/871& <08@53/871&
2-?/8;59753/8&/<&56-&=67>/@H5/;3;&@678>-;&.-&/I;-9:-2&in vivo L3838 .675&.7;&</9?-91H V3>09-&W=m&8/.&
Figure 5w-xMA&+/&7229-;;& 563;D&.-&@01509-2 GTGTX?/856X/12&?3@9/>137 782 59-75-2& 56-?&.356&+$)FG&/9&
:-63@1-& </9& R69;D 0;38>& 56-& ;7?-& =79723>?& 0;-2& 38& 7& =9-:3/0;& in vitro 7;;7H& 38& V3>09-& WD 782& 56-8&
38@0I75-2&56-&@-11; .356&?H-138&5/&-:71075-&56-&3?=7@5&/<&+$)FG&59-75?-85&/8 =67>/@H5/;3;&/<&?H-138&IH&
?/835/938> 9-71X53?- 0=574-&IHIH $8@0@H5-&13:-&3?7>38>A&(09&8-.&7871H;3;&9-:-71;&5675 +$)FG&59-75?-85&
38@9-7;-; ?3@9/>1371&0=574-&/<&?H-138&@/?=79-2&5/&:-63@1-X59-75-2&?3@9/>137 LSupplementary Fig. 5t-
vMD& <0956-9& ;0==/9538>& 5675& +$)FG& 38@9-7;-;& ?3@9/>1371& =67>/@H5/;3;& 38& 563;& @/85-C5A %-& 67:-& 71;/&
=9/:32-2& 56-& 9-Z0-;5-2&/956/>/871&=9/U-@53/8;& LReResponse Fig. 1M& 5/&@/8<39?&#>105K&=08@57&=9-;-85&
.35638&56-&1H;/;/?71&79-7 /<&?3@9/>137D&9-<1-@538>&.675&/09&$?793;&7871H;-;&@7=509-2&7;&9-=/95-2A

Response Fig. 1: Representative confocal image of DG of 2020-month-old mice stained with anti-IBA1, anti-
CD68, and anti-VGLUT1 antibodies (scale bar = 5 µm; arrowheads indicate CD68+VGLUT1+ puncta). 
Orthogonal projections X-Z (bottom left) and Y-Z (right) planes with lines indicating projection plane 
boundaries.

)7U/9&@/8@-98;N
X +6-&7;;7H;&782&-C=-93?-85;&=-9</9?-2&79-&.-11X@/820@5-2&782&56/0>65&/05D&-;=-@3711H&V3>09-&cA&
\/.-:-9D&56-&/051//4&3;&2-;@93=53:-&782&56-&Z0-;53/8&9-?738;&7;&5/&IH&.63@6&?-@6783;?&+$)FG&
9->0175-;&?3@9/>1371&<08@53/8A

ResponseN& %-& 7==9-@375-& 56-& 9-:3-.-9Y;& 7;;-;;?-85& /<& /09& ?780;@93=5Y;& -C=-93?-85 7;& ^.-11X
@/820@5-2 782&56/0>65&/05`A&%-&7>9--&5675&56-9-&79-&9-?73838>&Z0-;53/8;&5/&I-&-C=1/9-2A&(09&-C3;538>&
2757D&;0==/95-2&IH&722353/871&;0>>-;5-2&-C=-93?-85; .-&8/.&38@102-D ;0==/95&/09&@173?;&5675 +$)FG&
7<<-@5; ?3@9/>137& ;575-& 782 =67>/@H5/;3; 0;38>& I/56& 2-1-53/8& 782& ;0==1-?-85753/8& 7==9/7@6-;& 38&
23<<-938>&@/85-C5;A&+/&=9/:32-&722353/871& 38;3>65& 385/ 56- 3?=7@5&/<&+$)FG&/8&?3@9/>137D&.-&=-9</9?-2&
'-11X'675 13>782X9-@-=5/9&=739&7871H;3; /8&/09&;8;8!*B;-Z 2757&LFig. 5s-vMD&.63@6&;0>>-;5-2&5675 +$)FG&
59-75?-85 ?7H 2-@9-7;-&56-&=9/I7I3135H&/<&;=-@3<3@ 385-97@53/8;&I-5.--8 ?3@9/>137&782&8-09/8; 9-175-2&
5/5/ ^>1057?75- ;3>87138>`D& .631-& 38@9-7;38>& =9/I7I3135H& </9& 385-97@53/8;& 38:/1:-2& 38& ^BQ]!d& ;3>87138>`A
"7913-9&./94&67;&;6/.8&5675 .6-8&?3@9/>1371&;575-&3;&715-9-2D&>1057?75-&;3>87138>&3;&=-9509I-2D&1-7238>&
5/&8-0971&2H;<08@53/81313 782&;H87=;-&1/;;1414A&BQ]!d&I-1/8>;&5/&7&<7?31H&/<&726-;3/8&]F'!;D&;-:-971&/<&
.63@6& 67:-& I--8& ;6/.8& 5/& 8->753:-1H& 7<<-@5& =67>/@H5/;3;& .6-8& ;3>87138>& 3;& 9-20@-211,12A& %631-&
0897:-138>&=9-@3;-&?-@6783;?;&.311&I-&3?=/95785&38&<0509-&./94D .-&67:-&=9/:32-2&-:32-8@-&5675 +$)FG&
9->0175-; ?3@9/>137& 38& 6-7156H& I9738& 782& 38& 56-& ;-5538>& /<& 7>38>D& 782& .-& 67:- =9/:32-2& 722353/871&
23;@0;;3/8&5675&;=-@0175-;&/8&<0509-&239-@53/8;&</9&<0956-9&23;;-@53/8&/<&?-@6783;? L138-;&cWWXcRKMA

X B;&56-&7056/9;&?-853/8-2&BQ&38&56-&3859/20@53/8&782&0;-2&WCVBQ&?3@-&38&;/?-&-C=-93?-85;D&35&
973;-;&56-&Z0-;53/8N&2/-;&+$)FG&9-20@-&38<17??753/8&38&WCVBQ&?3@-[

ResponseN&%-&7>9--&5675&1//438>&75&+$)FG&38&56-&;-5538>&/<&BQ&=756/1/>H&@/012 I-&7&<9035<01&79-7&/<&
<0509-& 9-;-79@6& 5675& .-& 79-& @099-851H& -82-7:/938>& 5/& ;502H& 38& 56-& 17IA&B;& 56-& @099-85& </@0; 38& 563;&
?780;@93=5 3;& /8& 56-& 9/1-& /<& +$)FG& /8& ?3@9/>1371& =6-8/5H=-;& 38& 6-7156H& 782& 7>-2& @/85-C5;D& 56-;-&



38:-;53>753/8;& 38& /56-9& =756/1/>3@71& @/85-C5;& .-9-& I-H/82& 56-& ;@/=-& /<& 56-& @099-85& ./94A& +/& 7:/32&
@/8<0;3/8D& .-& ;/<5-8-2& 78H& 178>07>-& 569/0>6/05& 56-& ?780;@93=5& 5675& /:-9;575-;& 9-1-:78@-& 5/&BQ&
=756/1/>HD&56/0>6&?38/9&-1-?-85;&.-9-&9-5738-2&.6-9-&7==9/=9375-&7;&.-&<--1&56-&=6-8/5H=-;&32-853<3-2&
6-9-& 79-& 9-1-:785& 5/&BQ&782& /56-9& 8-09/2->-8-9753:-& 23;/92-9;& 3?=13@75-2& 38&715-9-2&I9738& 3??08-&
<08@53/8D&?/53:7538>&563;&@/8@-=5&7;&<0509-&;502HA&
&
X& $8&@/?I38753/8&.356& 56-&=9-:3/0;& 9-=/95& LV-99-397&-5&71A&GTGaMD&6/.&2/-;&+$)FG&=-9</9?&7&23;538@5&
<08@53/8& 38& 8-09/8;& 782b/9& ?3@9/>137[&
&
ResponseN&%-&56784&56-&9-:3-.-9&</9&563;&Z0-;53/8A&!-;015;&38&V-99-397&-5&71AD&GTGa&</@0;-2&/8&8-09/871&
-<<-@5;& /<&+$)FG& /8& ;H87=53@& 782& <08@53/871& /05@/?-;D& .63@6& .-& 79>0-& ?7H& I-& ?-2375-2& 569/0>6&
@678>-;& 38& 56-&-C597@-110179&?7593CA&%6-8&@/8;32-9-2&71/8>;32-&/09& @099-85&?780;@93=5D&/09& 9-;015;&
;0==/95& 7& ?/2-1& 38& .63@6& +$)FG& -C-95;& I/56& @-11X5H=-X;=-@3<3@& -<<-@5;& 782& @-11X385938;3@& -<<-@5;& 5675&
5/>-56-9&?7H&7<<-@5&56-&?3@9/-8:39/8?-8571&83@6-&082-9&;502HA&B;&I93-<1H&2-;@93I-2&7I/:-D&.-&722-2&
'-11X@675&7871H;-;&5675&;0>>-;5&715-9-2&?3@9/>1371X8-09/871&@/??083@753/8&</11/.38>&+$)FG&59-75?-85&
LFig. 5s-vMD&;0==/9538>&/8-&=/;;3I3135HA&B&>9/.38>&135-97509-&71;/&79>0-;&5675&"')&782&?3@9/>137&385-97@5&
5/& 7<<-@5& 8-09/871& <08@53/810D& 973;38>& 56-&=/;;3I3135H& /<& 78& 38239-@5& ?-@6783;?& IH&.63@6&8-09/8;& 79-&
715-9-2&IH&?3@9/>1371&I-67:3/9&/8&"')&38&56-&?3@9/-8:39/8?-85D&56/0>6&.-&6/=-&5/&<0956-9&-C=1/9-&56-;-&
9-1753/8;63=;&782&9/1-;&</9&+$)FG&38&<0509-&./94A&&%-&67:-&I93-<1H&-C=782-2&/8&56-;-&=/;;3I31353-;&38&/09&
23;@0;;3/8&L138-;&cWWXcRKMA&
&

&
&
&
&
&
&
&
&
&
&
&
&
&
& &



!-:3-.-9&Ja&L!-?794;&5/&56-&B056/9MN&
&
$8&563;&?780;@93=5D&\-??-9&-5&71A&I0312&/8&56-39&=9-:3/0;&./94&/8&56-&H/056X7;;/@375-2&<7@5/9&+$)FGD&
</@0;38>&/8&35;&9/1-&38&9->017538>&?3@9/>1371&;575-;&38&72015&782&7>-2&?3@-A&+$)FG&3;&0=9->0175-2&38&
9-7@53:-&?3@9/>1371&;575-;&782&38&8-09/2->-8-9753:-&23;-7;-;A&]3:-8&563;&@/88-@53/8&782&56-&.-11X
-;57I13;6-2&9/1-&/<&?3@9/>137&38&7>38>&782&7>-X9-175-2&23;-7;-;D&56-&9-;-79@6&Z0-;53/8&3;&;3>83<3@785A&
+6-&7056/9;&-?=1/H&I/56&7&>1/I71&+3?=G&48/@4/05&782&7&?3@9/>137X;=-@3<3@&@/82353/871&48/@4/05&5/&
23;;-@5&56-&@/8593I053/8&/<&?3@9/>1371X2-93:-2&:-9;0;&8-09/871&+$)FG&38&?/2017538>&?3@9/>1371&>-8-&
-C=9-;;3/8&782&=67>/@H53@&<08@53/8A&+6-39&0;-&/<&?3@9/2371H;3;&5/&7;;-;;&@H5/438-&@678>-;&38&56-&
-C597@-110179&;=7@-&3;&=7953@01791H&385-9-;538>A&+6-;-&1/;;X/<X<08@53/8&-C=-93?-85;&79-&7@@/?=783-2&IH&
+$)FG&72?383;59753/8&5/&7>-2&?3@-D&.63@6&9-20@-;&?3@9/>1371&9-7@53:35H&782&38<17??753/8D&782&
-8678@-;&;H87=53@&-8>01<?-85t56/0>6&56-;-&-<<-@5;&?7H&I-&38239-@5A&(:-9711D&56-&;502H&=9-;-85;&
;-:-971&385-9-;538>&<38238>;&.356&3?=13@753/8;&</9&7>38>A&+675&;732D&;/?-&/<&56-&:7132753/8&-C=-93?-85;&
0;38>&@01509-2&?3@9/>137&;6/012&I-&@/?=1-?-85-2&IH&63;5/1/>3@71&7871H;-;&/8&53;;0-&;-@53/8;D&782&56-&
?3@9/>1371&;575-&@678>-;&38&O(&?3@-&;6/012&I-&@6797@5-93E-2&?/9-&56/9/0>61HA&F1-7;-&;--&I-1/.&</9&
;=-@3<3@&@/??-85;N&
&
ResponseN&%-&56784&56-&9-:3-.-9&</9&@/8;590@53:-&@/??-85;&782&</9&63>613>6538>&56-&;3>83<3@78@-&/<&
56-&9-;-79@6&Z0-;53/8D&56-&=7953@01791H&385-9-;538>&?-56/2;&0;-2D&782&/09&./94Y;&3?=13@753/8;&</9&7>38>A&
%-&67:-&7229-;;-2&56-&3;;0-;&2-;@93I-2&I-1/.&.356&8-.&-C=-93?-85;&782&<0956-9&@6797@5-93E753/8A&&
&
)7U/9N&
KA&+6-&7056/9;&;6/012&2-?/8;5975-&+$)FG&-C=9-;;3/8&38&?3@9/>137&<9/?&23<<-9-85&I9738&9->3/8;A&
'099-851HD&/81H&63==/@7?=71&?3@9/>137&79-&;6/.8&L,0==1-?-8571&V3>A&K@MA&
&
ResponseN&%-&</@0;-2&/8&63==/@7?=71&?3@9/>137&20-&5/&56-&;0;@-=53I3135H&/<&563;&9->3/8&5/&7>-X9-175-2&
2-@138-& 782& /09& =9-:3/0;& ./94& ;0==/9538>& +$)FGY;& 9/1-& 38& 9->017538>& 63==/@7?=0;X7;;/@375-2&
<08@53/89,33A&$8&;0==1-?-8571&V3>09-&K@&/<&56-&3835371&?780;@93=5D&.-&;6/.-2&+$)FG&!*B&-C=9-;;3/8&38&
63==/@7?=71&?3@9/>137&5/&9-<1-@5&5675&</@0;&782&56-&?780;@93=5Y;&;@/=-A&%631-&.-&2/&8/5&-C=782&56-&
;@/=-&385/&56-&9/1-&/<&+$)FG&38&?3@9/>137&38&/56-9&9->3/8;&6-9-D&.-&67:-&8/.&38@102-2&+$)FG&-C=9-;;3/8&
38& @/95-C& 782& ;593750?& LSupplementary& Fig. 1d-gM& 7;& 9-Z0-;5-2D& <9/?& 56-& BP'& 7517;D& .631-& 71;/&
=-9</9?38>&3??08/63;5/@6-?3;59H&782&@/8</@71&3?7>38>&.356&Z07853<3@753/8&/<&56-&80?I-9&/<&+$)FGn&
?3@9/>137&38&56-;-&79-7;&</9&-8678@-2&9-72-9&385-9-;5&LSupplementary&Fig. 1p-rMA&&&
&
GA&+6-&Z07853<3@753/8&/<&?3@9/>1371&?/9=6/1/>H&7==-79;&;/?-.675&79I35979H&782&56-&3?7>-;&0;-2&79-&/<&
1/.X9-;/1053/8&L,0==1-?-8571&V3>A&G<D&>MA&+6-&7056/9;&;6/012&38@102-&239-@5&?-7;09-?-85;&/<&;/?7&;3E-D&
I978@6&80?I-9D&-5@AD&<9/?&53;;0-&;-@53/8;A&
&
ResponseN&+6784&H/0&</9&973;38>&563;&=/385A&%-&7>9--&5675&56-&?/9=6/1/>H&7871H;3;&.-&38353711H&38@102-2&
I9/721H&@75->/93E-;&?3@9/>137&;575-&.356&7&;/?-.675&9023?-8579H&7==9/7@6&I7;-2&/8&@39@017935HA&$8&138-&
.356& 56-& 9-:3-.-9Y;& ;0>>-;53/8D& .-& =-9</9?-2& 7& ?/9-& 2-5731-2& ?/9=6/1/>H& 7871H;3;& 0;38>& 63>6X
9-;/1053/8&3?7>-;&5675&9-=17@-;&5675&0;-2&38&56-&3835371&,0==1-?-8579H&V3>A&G<X>A&q;38>&$?793;XI7;-2&aQ&
9-@/8;590@53/8&/<&?3@9/>137&<9/?&@/8</@71&3?7>-;D&.-&</082&5675&+$)FG&O(&?3@9/>137&-C63I35&;3>83<3@7851H&
179>-9&:/10?-&782&;09<7@-&79-7D&7&=6-8/5H=-&1384-2&5/&5978;353/8&<9/?&97?3<3-2&5/&9-7@53:-b=93?-2&782&
6H=-959/=63@& ?3@9/>137& 38& /56-9& @/82353/8;26-29A& %-& 71;/& /I;-9:-2& 38@9-7;-2& /I175-& -113=53@35H&
LSupplementary Fig. 2iMD& 7& <1755-8-2& =6-8/5H=-& 7;;/@375-2& .356& 7?-I/32& ?3@9/>137& 5675& ?7H& I-&
7;;/@375-2&.356&7&=9/X38<17??75/9H&;575-26,27,30A&+$)FG&O(&?3@9/>137&71;/&-C63I35&7&@/8:-9;-&2-@9-7;-&
L56/0>6& 8/5& ;5753;53@711H& ;3>83<3@785D& FoTATRM& 38& =9/175-& -113=53@35H& LSupplementary Fig. 2iM& 5675& 3;&
7;;/@375-2&.356&?/9-&-1/8>75-2D&9-;=/8;3:-&?3@9/>13731,32A&%-&71;/&7871HE-2&I978@6&,6/11&385-9;-@53/8;&
LSupplementary Fig. 2jMD&I05&563;&-<<-@5&.7;&8/5&;5753;53@711H&;3>83<3@785A&+/>-56-9D&56-;-&9-;015;&3823@75-&
5675& +$)FG& I9/721H& 7<<-@5;& ?3@9/>137& ?/9=6/1/>HD& 782& .-& 67:-& 5-?=-9-2& @/8@10;3/8;& 5675& 1384&
?/9=6/1/>H& 5/& ?3@9/>1371& <08@53/8& L138-;& KhWXKSKMD& 7;& 56-9-& 3;& 7@48/.1-2>-2& 23<<3@015H& .356& ;593@51H&
385-9=9-538>&<08@53/8&<9/?&?/9=6/1/>H&.35638&56-&<3-1224,25A&%-&>/&/8&5/&@6797@5-93E-&7&:793-5H&/<&/56-9&



@678>-;&38&?3@9/>137&9-175-2&5/&56-39&<08@53/8&569/0>6/05&56-&?780;@93=5D&.63@6&.-&<--1&;0I;5785375-;&
56-&@173?;&/:-9711A&&
&
&
aA& "C=9-;;3/8& /<& +$)FG& .7;& /81H& :713275-2& 38& @01509-2& ?3@9/>137D& .63@6& 2/& 8/5& <011H& 9-=9-;-85&
-82/>-8/0;&?3@9/>137A&#7132753/8&IH&$\'&/9&!*B&38&;350&/8&I9738&;-@53/8;&3;&8-@-;;79HA&B22353/8711HD&56-&
87509-&/<&56-&O(&711-1-&;6/012&I-&@1793<3-2t2/-;&35&9-;015&38&7&8011&?05753/8[&%6H&79-&;/?-&5978;@93=5;&
;5311&2-5-@57I1-&38&56-&>1/I71&O(&?3@-&LV3>09-&K2M[&
&
ResponseN&%-&@6/;-&78&3;/1753/8&782&@0150938>&=9/5/@/1&5675&?383?3E-;&7953<3@371&@678>-;&38&?3@9/>137D&
I05&.-&7>9--& 5675& ;6/.38>&722353/871&:7132753/8& 38&I9738& ;-@53/8;&./012&I-&0;-<01& 5/& <011H& 9-=9-;-85&
-82/>-8/0;& ?3@9/>137A& $8& 138-& .356& 56-& 9-:3-.-9Y;& ;0>>-;53/8D& .-& 67:-& 8/.& =-9</9?-2&
3??08/63;5/@6-?3;59H& 782& @/8</@71& 3?7>38>& 5/& ;6/.& ?3@9/>1371& -C=9-;;3/8& /<& +$)FG& 38& ?/0;-&
63==/@7?=0;D& -C=9-;;3/8& 5675& 3;& 8/5& /I;-9:-2& 38& 56-& O(& 63==/@7?=0;& LFig. 1k-lMA& & %-& 71;/& <382&
7==9/C3?75-1H&GTk&/<&?3@9/>137&38&63==/@7?=0;&79-&+$)FGn&LFig. 1l-mMD&.63@6&3;&9/0>61H&;3?3179&5/&56-&
=9/=/953/8&.-&32-853<3-2&38&/09&in vitro&./94&LSupplementary Fig. 1nMA&&
&
+6-&>1/I71&O(&138-&0;-2&</9&V3>09-&K2&!*B&1-:-1;&L8/.&Supplementary Fig. 1iM&3;&7&.-11X-;57I13;6-2&
@/8:-853/871&O(&?/2-1&@9-75-2&782&2-;@93I-2&IH&56-&,/1/.7H&>9/0=34&38&.63@6&-C/8&K&3;&579>-5-2&0;38>&
7&@/8:-853/871&48/@4/05&;5975->HD&.63@6&1-72;&5/&8/8;-8;-X?-2375-2&2-@7H&/<&;0I;-Z0-85&-C/8;&5675&
79-& 8/5& 5978;175-2A& ":7107538>& 56-& !*B;-Z& 2757& <0956-9D& .-& 232& 8/5& 2-5-@5& -C/8& K& 5978;@93=5;D& 7;&
-C=-@5-2D&782&56-&:-9H&;?711&80?I-9&/<&9-;32071&5978;@93=5;&38&56-&9-?73838>&-C/8;&2/&8/5&H3-12&2-5-@5-2&
=9/5-38D&7;&9-<1-@5-2&38&/09&=9-:3/0;&2757&;6/.38>&17@4&/<&78H&=9/5-38&38&O(&38&8-09/8;&782&<9/?&I9738&
1H;75-&0;38>&3?7>38>&782&3??08/I1/5538>&.356&382-=-82-85&7853I/23-;9&782&17@4&/<&;3>871&38&O(&I9738&
;-@53/8;&38&?3@9/>137&;=-@3<3@711H&LFig. 1k-lMA&&
&
cA&+6-&/:-917=&I-5.--8&+$)FG&782&'QRS&;3>871;&.7;&/81H&;6/.8&38&@01509-2&?3@9/>137&LV3>09-&K<D&>MA&
+63;& ;6/012& I-& 9-=13@75-2& 0;38>& $\'& /9& !*B& 38& ;350& 38& :3:/A& +6-& =-9@-857>-& /<& +$)FGn& 782&
+$)FGnb'QRSn&?3@9/>137&38&:3:/D&782&78H&9->3/871&23<<-9-8@-;D&;6/012&I-&Z07853<3-2&782&9-=/95-2A&
&
ResponseN&+6784&H/0&</9&563;&;0>>-;53/8A&%-&7>9--&782&67:-&-C5-82-2&56-&/:-917=&7871H;3;&/<&+$)FG&
782&'QRS&38&63==/@7?=71&?3@9/>137&5/&I9738&;-@53/8;&7;&;0>>-;5-2D&9-:-7138>&7&;3?3179&=9/=/953/8&7;&38&
/09&=9-:3/0;1H&38@102-2&in vitro&9-;015;D&3A-AD&7==9/C3?75-1H&STk&/<&+$)FGX=/;353:-&?3@9/>137&79-&'QRSX
=/;353:-&LFig. 1n-oMA&%-&</082&5675&7==9/C3?75-1H&GTk&/<&?3@9/>137& 38&56-&63==/@7?=0;&79-&+$)FGn&
LFig. 1mMA&%631-&.-&</@0;-2&/09&38&563;&?780;@93=5&?/;51H&/8&56-&63==/@7?=0;D&.-&5//4&56-&9-:3-.-9Y;&
;0>>-;53/8&5/&-C7?38-&+$)FG&;573838>&38&?3@9/>137&38&/56-9&9->3/8;D&</@0;38>&/8&@/95-C&782&;593750?A&
+63;&7871H;3;&9-:-71-2&+$)FGX=/;353:-&?3@9/>137&38&56-;-&I9738&9->3/8;A&$85-9-;538>1HD&56-&=9/=/953/8&/<&
+$)FGn&?3@9/>137&5675&@/X-C=9-;;-2&'QRS&3;&jSTk&38&I/56&63==/@7?=0;&782&;593750?D&.6-9-7;&56-&
=9/=/953/8&3;&;3>83<3@7851H&;?711-9&38&@/95-C&LSupplementary Fig. 1o-pMD&=/;;3I1H&7&9-<1-@53/8&/<&48/.8&
6-5-9/>-8-35H&/<&?3@9/>137&569/0>6/05&56-&I973835A&\/.-:-9D&38&56-&a&9->3/8;&7871HE-2D&jGTk&/<&?3@9/>137&
.-9-&+$)FGn&LSupplementary Fig. 1qMA&+6-;-&9-;015;&67:-&I--8&722-2&5/&56-&?780;@93=5&782&79-&
8/.&2-;@93I-2&38&d38-;&KchXKWWA&
&
WA&%675&3;&56-&?7>83502-&/<&'QRS&0=9->01753/8&38&'pa'!KX'9-"!&@/82353/871&O(&?3@-&@/?=79-2&5/&
56-&>1/I71&O([&Q/-;&?3@9/>137X;=-@3<3@&2-1-53/8&/<&+$)FG&=9/20@-&7&;3?3179&/9&?312-9&=6-8/5H=-[&+63;&
;6/012&I-&Z07853<3-2&0;38>&78&72-Z075-&80?I-9&/<&783?71;&782&53;;0-&;-@53/8;A&
&
ResponseN& Q0-& 5/& 56-& I9/72& -C=9-;;3/8& /<& +$)FG& 569/0>6/05& 56-& I9738& 782& 63>6& 1-:-1;& 38& 56-&
=-93=6-9H36D&.-&./012&-C=-@5&5675&>1/I71&2-1-53/8&/<&+$)FG&?7H&1-72&5/&179>-9&-<<-@5&;3E-;&@/?=79-2&5/&
@-11&5H=-X;=-@3<3@&2-1-53/8&38&8-09/8;&/9&?3@9/>137A&B22353/8711HD&8-09/8;&38&63==/@7?=0;&>-8-9711H&67:-&
63>6-9&1-:-1;&/<&+$)FG&@/?=79-2&5/&?3@9/>13737A&%6-8&.-&@/?=79-&-<<-@5&;3E-;&</9&56-&80?I-9&/<&'QRSn&
?3@9/>137& 80?I-9& 9-;01538>& <9/?& 2-1-53/8& 7@9/;;& 23<<-938>& 2-1-53/8& 7==9/7@6-;& <9/?& I9738& ;-@53/8;&
;5738-2&.356&56-&;7?-&7853I/23-;&L0;38>&7&;0<<3@3-851H&=/.-9-2&80?I-9&/<&?3@-&<9/?&56-&;7?-&80?I-9&



/<&I9738&;-@53/8;&782&56-&;7?-&Z07853<3@753/8&?-56/2MD&.-&<382&5675&>1/I71&2-1-53/8&>-8-9711H&1-72;&5/&7&
;59/8>-9& -<<-@5D& jKARcX</12& 38@9-7;-& :;A& %+D& @/?=79-2& 5/& jKAGuX</12& </9& 8-09/8X;=-@3<3@& O(& :;A& 35;&
@/99-;=/8238>& @/859/1D& 782& KAKX</12& 38@9-7;-& </9& ?3@9/>1371X;=-@3<3@& :;A& 35;& @/99-;=/8238>& @/859/1A&+/&
2-5-9?38-&;57827923E-2&?7>83502-;&/<&-<<-@5&;3E-;& </9& 56-;-&@/?=793;/8;D&.-&@71@0175-2&'/6-8Y;&2&
:710-;A&]1/I71&O(&2-1-53/8&=9/20@-2&56-& 179>-;5&;57827923E-2&-<<-@5&L2&o&KAhGMD&.356&8-09/8X;=-@3<3@&
2-1-53/8&H3-1238>&78&385-9?-2375-&-<<-@5&L2oKAKTMD&782&?3@9/>137X;=-@3<3@&2-1-53/8&H3-1238>&56-&;?711-;5&
-<<-@5D&56/0>6&;5311&?/2-975-&L2&o&TAhaMA&+6-&@/8;3;5-85&/92-938>&/<&-<<-@5&;3E-;&;0==/95;&7&>9-75-9&/:-9711&
3?=7@5&/<&>1/I71&2-1-53/8A&+63;&<38238>&3850353:-1H&?75@6-;&56-&1-:-1&/<&+$)FG&1/;;&7@9/;;&56-;-&2-1-53/8&
;@-8793/;A&%-&67:-&I93-<1H&-C=782-2&23;@0;;3/8&5/&8/5-&563;&>//2&=/385&973;-2&IH&56-&9-:3-.-9&38&138-;&
cGWXcGSA&&
&
RA&,38@-&;-8-;@-85&?3@9/>137&79-&23<<3@015&5/&2-<38-&20-&5/&56-&17@4&/<&;=-@3<3@&?794-9;D&=KR&;573838>&71/8-&
3;&38;0<<3@3-85A&B22353/871&/956/>/871&:7132753/8&3;&9-Z039-2A&
&
ResponseN&%-&7>9--&5675&722353/871&;-8-;@-85&?794-9;&./012&I-&6-1=<01&</9&:7132753/8&6-9-A&%-&67:-&
9-=-75-2&563;&-C=-93?-85&38&Cx3cr1CreERT2/+mTimp2fl/fl 782&Timp2fl/fl&@/859/1&?3@9/>137D&563;&53?-&;573838>&</9&
722353/871&?794-9;&/<&;-8-;@-8@-&?794-9;&FGK&782&,BXI-57X>71A&,3?3179&5/&/09&=93/9&9-;015&<9/?&=KR&
;573838>&LV3>A&a2X-MD&.-&8/.&9-=/95&38@9-7;-2&80?I-9&/<&?3@9/>137&=/;353:-&</9&=GKLSupplementary Fig. 
3f-gMD& .631-& 71;/& 38@9-7;38>& ;573838>& </9& ,BXI-57X]71& LSupplementary Fig. 3h-iM& 38&
Cx3cr1CreERT2/+mTimp2fl/fl&?3@9/>137&@/?=79-2&5/&@/859/1;&L138-;&GWTXGWGMA&
&
hA&+/&3110;5975-&?3@9/>1371&;575-&9->01753/8&IH&+$)FGD&56-&@099-85&-:32-8@-&LI014&!*BX;-Z&<9/?&@01509-2&
?3@9/>137D& $\'& </9& 'QRS& 782& =KRD& 782& ;8!*BX;-Z& 7<5-9&+$)FG& 38U-@53/8M& 3;& 8/5& ;0<<3@3-85A& '01509-2&
?3@9/>137&?7H&8/5&9-<1-@5&38&:3:/&;575-;m&'QRS&782&=KR&79-&8/8;=-@3<3@m&782&+$)FG&38U-@53/8&3;&7&>738X
/<X<08@53/8&7==9/7@6A&V/9&56-&I014&!*BX;-ZD&/81H&](&5-9?;&.-9-&23;@0;;-2D&.356&8/&;=-@3<3@&>-8-X1-:-1&
7871H;3;A&+6-& 7056/9;& ;6/012& =-9</9?& 5978;@93=5/?3@& =9/<3138>& /8& ?3@9/>137& 3;/175-2& <9/?&+3?=G& O(&
L=9-<-97I1H&@/82353/871&O(M&?3@-&782&@/?=79-&563;&.356&56-&I014&!*BX;-Z&782&;8!*BX;-Z&2757;-5;A&
&
ResponseN&%-&7==9-@375-&56-&9-:3-.-9Y;&@/??-85&782&67:-&8/.&=-9</9?-2&7&?/9-&38X2-=56&7871H;3;&
/<& 56-& I014& !*BX;-Z& 2757;-5& 5675& 38@102-;& 9784-2& ],"B& LFig. 1dMD& 7& :/1@78/& =1/5& ;6/.38>& 5/=&
23<<-9-853711H&-C=9-;;-2&>-8-;&.356&/:-9X9-=9-;-85753/8&](&7871H;3;&LF72U&lTATWm&Supplementary Fig. 
1h-jM&.356&>-8-X1-:-1&2-;@93=53/8&/<&;=-@3<3@&5/=&>-8-;&38&56-&5-C5&L138-;&KGuXKaKM&7;;/@375-2&.356&+$)FG&
2-1-53/8&5675&79-&38:/1:-2&38&?H-1/32&;3>87138>D&38<17??753/8D&782&1H;/;/?71&<08@53/8&2-;@93I-2&38&56-&
5-C5A&+6-;-&2757&;0==/95&0=9->01753/8& 38&;-5;&/<&>-8-;&7;;/@375-2&.356&@-11&7@53:753/8&38:/1:-2&38&56-&
3??08-&9-;=/8;-D&9->01753/8&/<&@H5/438-&=9/20@53/8D&782&/56-9&3??08-&;H;5-?&=9/@-;;-;A&+/&I7178@-&
:-9H&=9-;;38>&@/;5&782&53?-&@/8;597385;&7;;/@375-2&.356&>-8-97538>&78&722353/871&;8!*B;-Z&2757;-5&5/&
63>613>65&2-1-53/8X7;;/@375-2&@678>-;&5675&?7H&I-&@/8:-9;-&5/&56/;-&;--8&.356&59-75?-85D&.-&=-9</9?-2&
722353/871&7871H;-;&782&@/?=793;/8;&7@9/;;&56-&2757;-5;&5675&?7H&=9/:32-&<0956-9&38;3>65&385/&@678>-;&
.356& +$)FG& ?/201753/8& L2-1-53/8& :;A& 59-75?-85MA& %-& =-9</9?-2& 7& ;3>8-2& ?/201-X59735& 7871H;3;& IH&
%]'*B&/8&/09&O(&:;A&%+&?3@9/>137&I014&!*B;-Z&?3@9/>137&2757;-5&5/&32-853<H&;3>83<3@785&?/201-;&/<&
@/X9->0175-2&>-8-;&LFig. 1eMD&38@10238>&7&2/.89->0175-2&@H78&?/201-&782&0=9->0175-2&9-2&?/201-&38&
+$)FG&O(&:;&%+&?3@9/>137A&(:-9X9-=9-;-85753/8&7871H;-;&/8&>-8-;&-C597@5-2&<9/?&56-&0=9->0175-2&9-2&
?/201-& >-8-;& 9-<1-@5-2& -893@6?-85& 38& =756.7H;& 5675& 38@102-2& ^@-11& 7@53:753/8`D& ^3??08-& ;H;5-?&
=9/@-;;-;`D&782&=756.7H;&1384-2&5/&=67>/@H5/;3;D&-A>AD&^9-;=/8;-&5/&13=32;`&38&O(&?3@9/>137&LFig. 1gMA&
+/&=9/:32-&7& @/?=793;/8&.356&/09& ;8!*B;-Z&+$)FG& 59-75?-85& -C=-93?-85D&.-&=-9</9?-2&7& ;3>8-2&
62%]'*B&/8&56-&?3@9/>137&@10;5-9&<9/?&563;&2757;-5&LSupplementary Fig. 5qMA&+63;&7871H;3;&32-853<3-2&
7&;3>83<3@7851H&2/.89->0175-2&^I9/.8`&?/201-&38&?3@9/>137&<9/?&+$)FGX59-75-2&?3@-&LSupplementary 
Fig. 5rMD& 782& /:-9X9-=9-;-85753/8& 7871H;3;& /8& 56-& -C597@5-2& >-8-;& <9/?& 563;& 2/.89->0175-2& ?/201-&
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cA&V3>&GIX@N&.675&2/-;&-7@6&@39@1-&9-=9-;-85&/8&56-&I79&>97=6;[&$5&;6/012&9-=9-;-85&-7@6&?/0;-&I05&56-&
<3>09-& 1->-82& ;7H;& ;7?=1-& ;3E-& 8ouXKa& I05& 56-9-& 79-& ?/9-& @39@1-;& 5678& 5675A& '78& H/0& @1793<H[&
&
ResponseN&+6784&H/0&</9&56-&>//2&@75@6D&7;&563;&;6/012&67:-&3823@75-2&uXKa&=-9&>9/0=&=-9&;-C&</9&7&
5/571&/<&KuXGcA&"7@6&@39@1-&2/-;&9-=9-;-85&78&3823:32071&?/0;-D&;/&.-&67:-&@/99-@5-2&56-&2-;@93=53/8&38&
56-&1->-82&5/&9-<1-@5&5675&I/56&;-C-;&79-&38@102-2&38&-7@6&>9/0=&L;38@-&56-9-&.-9-&8/&;-C&23<<-9-8@-;MA&
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&
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?3@9/>137&-C63I35&7&179>-9&:/10?-&782&;09<7@-&79-7&@/?=79-2&5/&%+&?3@9/>137&LSupplementary Fig. 2f-
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;3>83<3@7851H&23<<-9-85& 38& 56-&H/08>-9&7>-D&7;&2-5731-2& 38& 56-& 3835371& ;0I?3;;3/8MA&+6-;-&2757&79-&8/.&
2-;@93I-2&38&138-&KhRXKSKA&
&
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F)$Q&GhcSKuaRD&56-&I9/72-9&0;-&/<&56-&5-@683Z0-&</9&=9/<3138>&/<&I9738&3??08-&=9/5-38;&9-?738;&1-;;&
@/??/8&9-1753:-&5/&/56-9&=93/9&0;-;&/<&?3@9/2371H;3;&L;--&138-&KuSXGTTMA&
&
hA& V3>09-& aN& +6-& .635-& 799/.;& 38& =78-1& I& 782& 2& 79-& :-9H& 23;597@538>A& $Y2& 9-@/??-82& 9-?/:38>A&

ResponseN&%-&7>9--&5675&563;&@78&I-&23;597@538>D&I05&</9&@/8;3;5-8@H&7@9/;;&<3>09-;D&.-&./012&=9-<-9&
5/&9-5738&799/.6-72;&5/&63>613>65&.675&3;&I-38>&Z07853<3-2&.6-9-&563;&3;&23<<3@015&5/&5-11A&+/&3?=9/:-&56-&
3;;0-D&.-&67:-&715-9-2&56-39&;3E-D&.63@6&7==-79;&1-;;&23;597@538>&LFig.3 b,dMA&&



&
SA&d38-&GahN&'/8;32-9&@678>-&^-C5-9871&=//1;`&5/&^$,V`&/9&^-C597@-110179`&=//1;A&

ResponseN&+6784&H/0&</9&;0>>-;538>&563;A&"C597@-110179&=//1;&3;&382--2&?/9-&7@@0975-&782&;=-@3<3@m&.-&
67:-&@678>-2&563;&138-&7@@/9238>1H&L<39;5&38;578@-D&138-&GRT&782&56-8&569/0>6/05MA&
&
uA&d38-&GcuN&'1793<H&.675&EH?/;78&2/-;&782&.6H&35&.7;&@6/;-8[&B9-&I/56&EH?/;78&782&dF,&0;-2&7;&
78& 38<17??75/9H& @6711-8>-[& '/012& 56-& 17@4& /<& -<<-@5;& I-& 20-& 5/& 2/;-& @6/;-8[&
&
ResponseN& & d7I-1-2& wH?/;78&.7;& @6/;-8&7?/8>&;-:-971& ;5782792& ;53?013& .356&.63@6& 5/& -C7?38-&
=67>/@H5/;3;D& 7;& 35Y;& 7& iX>10@78v93@6& @-11& .711& =9-=79753/8& 2-93:-2& <9/?& Saccharomyces cerevisiae&
.32-1H&0;-2&7;&7&@/??/8&38875-&3??08-&;53?010;A&+6-&EH?/;78&2/;-&.7;&@6/;-8&I7;-2&/8&=9-:3/0;&
;5023-;&05313E38>&563;&2/;-&782&35;&48/.8&3?=7@5&/8&>137&5675&67;&I--8&=9-:3/0;1H&=0I13;6-240&782&569/0>6&
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&
KTA&V3>09-&WN&Q32&+$)FG&59-75?-85&38&:359/&38@9-7;-&5/571&J&/<&$I7Kn&?3@9/>137[&

ResponseN&&%-&232&8/5&/I;-9:-&78H&@678>-;&38&?3@9/>137&80?I-9&</11/.38>&+$)FG&59-75?-85&in vivoA&
+/&-C7?38-&563;&in vitroD&.-&Z07853<3-2&56-&80?I-9&/<&@-11;& in vitro&782&</082&8/&;3>83<3@785&@678>-&38&
5/571&@-11&80?I-9&9-;01538>&<9/?&+$)FG&59-75?-85&LResponse Fig. 2M.  
&

&
Response Fig. 2: Quantification of the number of total cells in the primary culture (determined to be 
~100% microglia in purity analyses) for each treatment group, revealing that TIMP2 treatment did not affect 
total microglia number. &
&
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