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Editorial Note: This manuscript has been previously reviewed at another journal that is not operating
a transparent peer review scheme. This document only contains reviewer comments and rebuttal
letters for versions considered at Nature Communications.

REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

This manuscript focuses on the role of maternal michrochimerism on neurodevelopmental and
behavioral changes in the offspring. The authors claim that maternal michrochimeric cells (MMc) of
different lineage in the fetal brain provide regulatory help in shaping normal neurodevelopment and
behavior. The authors have performed some clever experiments and presented their data in an
informative manner. This is a complex theme and the data presented need to have a critical analysis and
interpretation. Several concerns remain unaddressed.

Major comment:

1. The authors are analyzing tdTomato-positive MMc at E18.5. Did the authors look at E14, E16, or even
earlier for their presence? It is important because some of the analyses the authors have presented may
relate to neurodevelopmental issues such as autism and schizophrenia later in the offspring. Although
the authors show in Fig. 1b that there is no difference in MMc content in males vs. females, it is
surprising as even at the placenta level, sexual dimorphism makes an impact on the onset of fetal brain
development. MMc significantly decrease as the offspring ages. Is it because some lineage cells of MMc
do not renew themselves or are eliminated due to lack of their growth factors in the brain
microenvironment. In humans, MMc can be detected after 27 years of birth (Bianchi et al). Did the
authors analyze MMc at P60 using the methods described in Fig. 1e and g?

2. The authors state that MMc can be found in different organs. Is there any information available about
their lifespan in these organs? Or does the brain support a different lifespan of MMc?

3. Pregnancy can be divided into three phases: 1. Implantation (inflammation), gestation (anti-
inflammation), and parturition (inflammation). Since E18.5 is very close to the onset of parturition, is
inflammation, lack of pregnancy hormones, or infection expected to impact the transport, and the
content and/or function of MMc?

4. The authors have focused a lot on brain homeostasis and dismantling of synaptic connections. What
does exactly brain homeostasis mean? In Fig. 2 and related Extended Figures, the authors have invoked
DNA methylation mechanisms, fetal T and B cell distribution, and transcriptome choreography. It is
suggested that genes such as Rab-7b were down-regulated in migroglia of MMc low offspring. Are there
scenarios where the brain is mainly populated with MMc low? Does this result in brain disorders? Is
transcriptome profile different in Wt male vs. Wt female?

5. Figures 2 and 3 describe a solid experimental plan to rule out the contribution of immune cells in
MMc-mediated brain development. The authors used allogeneic mating protocol involving Wt C57BL/6



female and Rag2IL-2 ryc deficient male mice. In another mating, they reversed the mating partners and
analyzed the MMc content. They identified two types of neonates — MMcPos and MMc low. What
dictates this very distinguished difference? Why some offspring become MMclow? Do MMclow
offspring entail poor brain homeostasis? In Fig. 3, the authors employ ultrasonic vocalization as one of
the tools to differentiate between MMcPos and MMclow offspring. Although the authors claim
significant differences, the data may not support this claim strongly. Yes, there are clear cut differences
in discrimination profiles, the number MMclow offspring used in the experiments is lower. A careful look
at the ultrasonic vocalization suggest that MMc low offspring experience the same vocalization as that
described autistic children, particularly male offspring. Do authors have any comment on this?

6. Adoptive transfer of MMc in MMclow offspring seems to restore microglial engulfment (?). How many
MMc needed to be transferred? Is there a kinetic threshold of adoptive transfer ? What happens to the
offspring at P60 after adoptive transfer?

Minor comments:

1. Online 118, it should be Fig. 2b-c not Fig. 3b-c. Also, on the same page line 132, it should be “to a
lesser extent”.

2. Although the authors discuss why fetal microglia increase when MMoc are low, it is not entirely clear
why MMc become low and affect only microglia. Otherwise, Discussion is well written.

Reviewer #2 (Remarks to the Author):

This is a very interesting manuscript designed to determine the impact of maternal microchimeric
(MMc) cells in fetal mouse brain on synaptic development, circuit function, and behavior. The authors
report a significant number of the MMc within the fetal brain are microglia with high expression of
homeostatic genes, and that these cells primarily localize to the PFC and HP. In the absence (or
reduction) of MMc, there are more microglia in the fetal brain and they engulf more presynaptic
markers. Moreover, offspring exhibit altered communication and cognitive behaviors and changes in
network activity. Finally, adoptive transfer of leukocytes back to immunodeficient dams largely rescues
these phenotypes. Overall there is a large amount of compelling data and the rigor and importance of
the work seems high. There are some concerns which are outlined here.

1. Fig. 1 — panel f is confusing. It looks like according to the color coded dots for different cell types that
endothelial cells also express high levels of the canonical microglial markers Cx3crl, P2yr12, and Sparc?
Similarly, for panel h, it says the heatmap of gene expression is based on genes that were more than

50% higher in MMc compared to fetal microglia, but the heatmap also shows genes with decreased fold



change? Finally, for panel g, these gene categories are subjective and context-dependent. The genes
included in each category should be provided rather than assigning them to categories absent a
functional readout. For instance, tmem119 is often considered a “homeostatic” gene in microglia but it’s
expression is not particularly high in the microglia clusters in panel f.

2. Fig. 2 - Determination of cell number using flow cytometry is not very reliable. There are too many
variables regarding cell loss with the isolation and method of gating. Quantitative claims should be
shown in the intact brain using IHC or similar.

3. Why was Vglutl assessed for pruning by microglia? These label short range projections (e.g. intra-
cortical) at P8, in contrast to Vglut2 which labels long-range projections. It is surprising given the claim
that these synaptic changes underlie the circuit deficits in the mice, as the relevant long-range
projection synapses were not assessed. It is therefore less convincing that these synaptic changes are
linked to the network activity changes reported.

4. For fig 3d and f, it actually appears that the controls (MMcpos) mice show no discrimination as they
are roughly at chance, whereas the MMclow do, and avoid the novel object. This is not a cognitive
deficit but perhaps novelty avoidance. In any case they show better discrimination if | am interpreting
this correctly. More concerning is the fact that the control group does not show normal discrimination
so the data are difficult to interpret.

5. The authors make no comment on the mechanism by which immune cell deficiency in dams impacts
microglial number and/or function. Are there changes in the yolk sac progenitors or only changes once
they arrive into the CNS?

6. Why were cognitive behaviors tested at P19-24 in offspring? This is interesting because it is the time
in which the hippocampal circuitry is just maturing, and any delay or alteration in this maturation could
impact the behavioral phenotype. Do the behavioral phenotypes persist into the later life or are they
transient to just this time window?

Reviewer #3 (Remarks to the Author):

The manuscript entitled "Pregnancy-induced maternal microchimerism shapes neurodevelopment and
behavior" by Schepanski et al. described that subsets of maternal cells termed maternal microchimeric
cells (MM(c) contribute to fetal brain development by repressing fetal microglia cells and preventing
excess synaptic pruning. Moreover, the authors observed that MMc ensured the establishment of the
prefrontal-hippocampal circuit and normal learning and memory behaviors in offspring.

The observation is interesting and may significantly impact the understanding of brain development.
However, there are some unignorable concerns about their data and interpretation.



Major points:

1. It is unclear why the authors ran mouse behavioral assay using only neonatal or (pre-)juvenile mice.
The authors reasoned that MMc were not detected beyond P60. But if MMc played significant roles
during early brain development, the behavioral alteration should sustain. How are the behavioral
phenotypes in fully matured animals?

2. Gu's group showed that the mouse blood-brain barrier became functional at the embryonic day (E)
15.5 (Nature 509, 507-511, 2014), suggesting that MMc migration occurred before. Since fetal microglia
cells also influenced the differentiation, proliferation, and migration of neural progenitor cells (NPCs)
and newly differentiated neurons, why do the authors think that microglial defect is just synaptic
pruning in MMc low mice that occurred much later? Do the authors observe any alteration in NPCs and
newly differentiated neurons during earlier fetal brain development?

3. MMc were detected in different brain regions, including the cerebellum. Why only MMc in PFC and
HP affect fetal microglia?

4. Is there any mechanistic understanding of how MMc suppress fetal microglia?

5. The authors defined that 5 clusters of MMc were microglia based on scRNA-seq. Does it mean that
pregnant female mice shaded microglia in blood circulation? Or are these cells microglia-like cells? Also,
their expression profile suggested that microglia-specific marker such as Tmem119 expression is low?
How about Salll expression? Are these cells possibly border-associated macrophages (BAMs) or
perivascular macrophages? If so, how about the expression of Pf4 and Lyvel that are markers for BAMs?

Minor points:

1. Although lightsheet microscope imaging did not look like it, the Extended Figure 1f imaging looks like
cells were in the tubular structure. Did the authors co-stain with a maker for the vasculature (e.g., CD31)
and ensure that MMc were outside the vasculature?

2. It looks like MMc locate as clusters (by 2D and 3D images). Is there any discussion about it?

3. References are needed for Rab-7b is a negative regulator for inflammation. So far, the evidence is that
Rab-7b is important for the degradation of TLR4.

4. Can the authors show the improvement of excess synaptic engulfment of microglia in vivo, such as
sparse labeling of synapses? It is well known that microglia quickly changed the phenotype and gene
expression.



5. A more detailed method is required for single-cell RNA-seq. For example, how many replicates did the
authors use, and any batch effects were observed?



Point-by-point reply to reviewers’ comments (reproduced verbatim) on revised manu-
script entitled "Pregnancy-induced maternal microchimerism shapes neurodevelop-
ment and behavior", NCOMMS-21-42047-T

Reviewer #1

General comment: This manuscript focuses on the role of maternal microchimerism on neu-
rodevelopmental and behavioral changes in the offspring. The authors claim that maternal
microchimeric cells (MMc) of different lineage in the fetal brain provide regulatory help in shap-
ing normal neurodevelopment and behavior. The authors have performed some clever exper-
iments and presented their data in an informative manner. This is a complex theme and the
data presented need to have a critical analysis and interpretation. Several concerns remain
unaddressed.

Authors’ response to general comment: We are pleased to learn that Reviewer 1 generally
appreciates our study and acknowledges our experimental approach and data presentation.
We are grateful for his/her additional constructive comments, which helped us to improve our
work, as outlined in the following.

Major comments:

#1. The authors are analyzing tdTomato-positive MMc at E18.5. Did the authors look at E14,
E16, or even earlier for their presence? It is important because some of the analyses the au-
thors have presented may relate to neurodevelopmental issues such as autism and schizo-
phrenia later in the offspring. Although the authors show in Fig. 1b that there is no difference
in MMc content in males vs. females, it is surprising as even at the placenta level, sexual
dimorphism makes an impact on the onset of fetal brain development. MMc significantly de-
crease as the offspring ages. Is it because some lineage cells of MMc do not renew themselves
or are eliminated due to lack of their growth factors in the brain microenvironment. In humans,
MMc can be detected after 27 years of birth (Bianchi et al). Did the authors analyze MMc at
P60 using the methods described in Fig. 1e and g?

Authors’ response: In this comment, the reviewer raised several pivotal aspects. We have
subdivided our response in three parts to give each aspect full credit.

Part | (Assessment of MMc at earlier gestational time points). We agree with the reviewer that
kinetic analyses of MMc in fetal brain would be interesting, especially at critical neurodevelop-
mental time points. However, MMc transfer from mother to fetus during gestation is not only a
physiological phenomenon, but has also been described as a continuous flow of cells which
commences upon completion of placentation at gestational days 9.5/10.5. Therefore, in our
present study, we focused on the analysis of MMc presence in the fetal brain at the last time
point possible during gestation (E18) in wild-type mice as well as in mice with experimental
MMc reduction. This allowed us to characterize MMc at the cellular and molecular level at the
end of fetal development, when they could accumulate the longest. Additionally, this enabled
us to assess the impact of MMc on fetal microglia phenotype and function prior to birth, hence,
prior to the onset of early life environmental stimuli. However, we agree with Reviewer 1 that
this approach precludes us from detecting possible fluctuations of MMc at various stages of
neurodevelopment. From our perspective, such focus on distinct time points during neurode-
velopment is highly relevant when assessing the impact of prenatal adverse events, which may
occur at certain days of fetal development, interfere with neurodevelopment and also affect
MMc phenotype and function. The integration of adverse events into the experimental setting
of our present study would have been beyond its scope, as it was our aim to primarily identify
the yet unknown physiological role of MMc. However, we anticipate that our study will now
foster the analysis of adverse events on MMc at various gestational time points in future stud-
ies. We have revised the discussion as follows to highlight the need for such approach:




‘The experimental approach we here chose was primarily geared towards the identification of the yet unknown
physiological role of MMc on fetal brain development and later function. However, our focus on E18.5, the time
point during fetal development closest to birth, precludes us from detecting possible fluctuations of MMc in fetal
brain at various stages of neurodevelopment throughout gestation, once MMc transfer occurs upon completion of
placentation. Based on the insights presented here on the relevance of MMc for offspring’s neurodevelopment and
behavior, a focus on distinct time points during neurodevelopment will likely be highly relevant when assessing the
impact of prenatal adverse events. These events can occur at certain days of fetal development, are well known to
interfere with neurodevelopment and hence, likely also interfere with MMc phenotype and function®837’

Part Il (No difference in MMc content in males vs. females). We agree with the reviewer that
fetal brain development shows a high degree of sexual dimorphism, which is especially obvi-
ous in the context of adverse prenatal events. When identifying the number of MMc in brain in
pregnancies unchallenged by adverse events, we did not observe significant differences be-
tween male and female fetuses in wild type mice. These observations suggest that the vertical
transfer of MMc is not affected by the sexual dimorphism on the placental level.

When aiming to assess the consequences of MMc reduction in mice, we used offspring from
immunodeficient Rag2”"yc™~ C57BL/6 females, which had been mated to wild-type Balb/c
males. Due to their immunodeficiency, these Rag2”yc”~ C57BL/6 females are only capable
of transferring a very limited number of immune cells to their fetuses, which we could confirm
by the low number of MMc in fetal brain. Therefore, we termed these offspring (which genotype
is Rag2*~yc*") as MMc°". Vice versa, mating wildtype C57BL/6 females to Rag2-/-yc-/ Balb/c
males also yields to offspring with a Rag2*~yc*~ genotype, but the female are fully immuno-
competent and hence, transfer physiological levels of MMc to the fetal brain. We termed these
offspring MMc™ (see also Fig. 2 a,b). However, the yc gene is encoded by the X-chromosome
and hence, male offspring born to Rag2”"yc™~ females are yc deficient, while male offspring
born to wild-type females (termed MMc+) carry one copy of the yc gene. To control for this
hemizygosity, we exclusively included female offspring in the respective experiments, which
precludes us from the identification of a possible sexual dimorphisms this this MMc reduction
model. To cover this aspect in the revised manuscript, we revised the text as follows:

In Results

‘Noteworthy, since the yc gene is encoded by the X-chromosome, male offspring born to Rag2”IL-2ryc”- females
are yc deficient, while male offspring born to wild-type females carry one copy of the yc gene. To control for this
hemizygosity, only female offspring were included in the respective experiments.’

In Discussion

‘Fetal brain development shows a high degree of sexual dimorphism, which is especially obvious in the context of
adverse prenatal events®: 39, Surprisingly, when identifying the number of MMc in brain in pregnancies unchal-
lenged by adverse events, we did not observe significant differences between male and female fetuses in wild type
mice, which suggests that the vertical transfer of MMc is not affected by the sexual dimorphism at the placental
level. Due to hemizygosity of the yc gene in male MMc'°* offspring, we excluded all male offspring from the assess-
ments in the MMcP°/MMc'*" model. Future investigations will assess the possible sex-specific MMc effects in the
MMc reduction model.’

Part Ill (MMc decrease with increasing offspring age). Similar to reports in other organs, we
observed a decrease of MMc with increasing age, whilst MMc were still detectable at low num-
bers in offspring’s brain at P60. In our present study, we did not aim to identify the mechanisms
underlying the MMc decline over time. Clearly, the reviewer suggests pivotal pathways that
may explain the observed MMc decline with increasing age, e.g., no potential for self-renewal,
or elimination due to the absence of growth factors in the microenvironment of the offspring’s
brain. We have amended the discussion to cover these possibilities, as outlined below. Addi-
tionally, the reviewer queries whether we performed scRNA-Seq on MMc isolated on P60. We
solely performed this elaborate (and costly) analyses in order to assess MMc on E18 (as shown
in Fig. 1e, g). We agree with the reviewer that it would certainly be desirable to survey the
gene expression in brain MMc throughout life. However, due to the significant decline in MMc
numbers, this approach will likely have to wait until technology allows to isolate and assess
cells at extremely low numbers at reasonable costs. Therefore, we prioritized to subject MMc
isolated on P60 to flow cytometry-based analysis first, as this allowed us to evaluate overall



numbers along with MMc phenotypes. To address this point in the revised manuscript, we
have revised the results and discussion section as follows:

In Discussion:

‘Similar to reports in other organs'”*?, we observed a decrease of MMc with increasing age, whereby MMc were
still detectable at low numbers in offspring’s brain at P60. To date, insights on pathways supporting such longevity
of MMc — including organ-specific longevity of MMc — as well as the mechanisms leading to the decline of MMc with
increasing offspring’s age are still mostly unknown. Possible pathways that may explain the observed MMc decline
over time may include a limited potential for self-renewal, or the death of MMc due to cellular exhaustion or absence
of growth factors in the organ-specific microenvironment, e.g. the offspring’s brain. Remarkably, MMc longevity may
also be explained by the different MMc phenotypes that can be detected in offspring’s fetal and adult organs. E.g.,
in mice, a large number of MMc in bone marrow are T cells'?, whereas we here show that the largest MMc popula-
tion in the brain are microglia. These observations suggest either a preferential recruitment of these MMc subsets
to the different fetal organs, or a disparate differentiation of progenitor-like MMc, dependent of the tissue microen-
vironment in which they seeded.’

‘Another limitation is the monitoring of MMc by scRNA-seq solely on E18.5. Clearly, it would have been desirable
to survey the gene expression in brain MMc throughout life. However, technologies enabling to isolate and assess
cells at extremely low numbers at reasonable costs are still missing.’

#2. The authors state that MMc can be found in different organs. Is there any information
available about their lifespan in these organs? Or does the brain support a different lifespan of
MMc?

Authors’ response: Based on the issue raised here, we felt that we needed to amend the
introduction by some state-of-the art details and have revised the manuscripts as follows:

In Introduction

‘The transfer of MMc commences with maturing placentation, hence, with the onset of the second trimester in
humans and around mid-gestation in mice®. . Remarkably, MMc are not rejected by the fetal immune system'. In
fact, the genetically discordant MMc can even show a long-term persistence in offspring’s organs until adulthood '
16, During fetal development, MMc seed into a number of fetal organs, including primary and secondary immune
organs as well as non-immune organs'”'®. MMc have also been detected in the offspring’s brain®'9, yet their phe-
notype, location and impact on brain-resident immune and non-immune cells in the fetus and brain function is still
unknown.’

Furthermore, the reviewer’s query pertaining to the lifespan of MMc in various organs, or pos-
sible differential organ (brain)-specific support of MMc lifespans, are in line with Part Ill of point
#1, which is why we had included the details here marked in bold in the newly inserted text in
the revised discussion. We apologize for the lengthy repeat of these amendments, but feel that
this is needed for clarity.

From #1, Part Ill ‘To date, insights on pathways supporting such longevity of MMc — including organ-specific
longevity of MMc — as well as the mechanisms leading to the decline of MMc with increasing offspring’s age are
still mostly unknown. Possible pathways that may explain the observed MMc decline over time may include a limited
potential for self-renewal, or the death of MMc due to cellular exhaustion or absence of growth factors in the organ-
specific microenvironment, e.g. the offspring’s brain. Remarkable, MMc longevity may also be explained by
the different MMc phenotypes that can be detected in offspring’s fetal and adult organs. E.g., in mice, a
large number of MMc in bone marrow are T cells'?, whereas we here show that the largest MMc population
in the brain are microglia. These observations suggest either a preferential recruitment of these MMc sub-
sets to the different fetal organs, or a disparate differentiation of progenitor-like MMc, dependent of the
tissue microenvironment in which they seeded. This may subsequently also affect the lifespan of MMc in
the different offspring’s organs.’

#3. Pregnancy can be divided into three phases: 1. Implantation (inflammation), gestation (anti-
inflammation), and parturition (inflammation). Since E18.5 is very close to the onset of parturi-
tion, is inflammation, lack of pregnancy hormones, or infection expected to impact the
transport, and the content and/or function of MMc?

Authors’ response: The reviewer raises an important point, and we seem to have neglected
to address this aspect appropriately in our original submission. We now amended the discus-
sion as follows in order to highlight the importance of the immune trajectory during pregnancy:



‘The course of pregnancy can be divided into immunologically distinct stages, including a brief inflammatory surge
around the time of blastocysts implantation, followed by the long gestational period of anti-inflammation and immune
tolerance to ensure that the fetus is not rejected. Parturition is then initiated by progesterone withdrawal and inflam-
mation%®. Especially the inflammatory period related to the onset of parturition may affect the transfer of MMc from
mother to fetus. Moreover, adverse events occurring during the period of anti-inflammation during pregnancy in
mice and humans, e.g., infection or related proxy, as well as trauma, skew maternal cells towards a pro-inflamma-
tory phenotype. This has been shown to enhance the transfer rate of MMc from mother to fetus56-5° and may pos-
sibly alter the function of MMc in various fetal organs. The here presorted data on the functional role of MMc during
normally progressing pregnancies will enable to address the inflammation-induced alterations of MMc upon adverse
prenatal events and the related consequences for offspring’s brain and other offspring’s organ development and
function.’

#4. The authors have focused a lot on brain homeostasis and dismantling of synaptic connec-
tions. What does exactly brain homeostasis mean? In Fig. 2 and related Extended Figures,
the authors have invoked DNA methylation mechanisms, fetal T and B cell distribution, and
transcriptome choreography. It is suggested that genes such as Rab-7b were down-regulated
in microglia of MMc low offspring. Are there scenarios where the brain is mainly populated with
MMc low? Does this result in brain disorders? Is transcriptome profile different in Wt male vs.
Wt female?

Author’s response: We feel that the description of our findings may have not been compre-
hensive, otherwise Reviewer 1 would likely not have asked if there are scenarios where the
brain is populated with low numbers of MMc or whether we detected sex-specific effects. As
shown in Figure 2 and following, we had integrated a model of low MMc in our experimental
design. In order to increase comprehension of our data, we have now inserted a new subhead-
ing in order to introduce this model of low MMc first, before we describe our findings in fetal
brain using this model. This new section reads as follows:

‘Mouse model of experimental reduction of MMc in fetal brain

‘..., we used a mouse model in which MMc in offspring’s brain were experimentally reduced in order to gain insights
into the functional role of MMc in the offspring’s brain. This reduction of MMc was achieved by reciprocal mating of
Rag2”IL-2ryc’- female or male mice with wild type (wt) mice. Rag2”IL-2ryc’- mice are immunodeficient and lack T,
B and — to a lesser extent — innate lymphoid cells®°. The offspring of these reciprocal mating combinations all
expressed a Rag2*IL-2ryc*- genotype (Fig. 2a). Noteworthy, since the yc gene is encoded by the X-chromosome,
male offspring born to Rag2-IL-2ryc”- females are yc deficient, while male offspring born to wild-type females carry
one copy of the yc gene. To control for this hemizygosity, only female offspring were included in the respective
experiments.’

‘..., we analyzed MMc numbers in offspring’s brain at E18.5 and P8. Offspring born to Rag2”IL-2ryc”- dams har-
bored significantly fewer MMc in the brain and were termed ‘MMc'®"’, compared to offspring from wt dams (termed
‘MMcPes’) (Fig. 2b-d).’

In fact, in the MMc low offspring, genes suppressing inflammation, e.g., Rab-7b, were down-
regulated in microglia, which is mentioned later in the results section as flows:

In Results:

‘Here, genes suppressing inflammation, such as ras-related protein (Rab-7b), responsible for suppressing tumor
necrosis factor (Tnf), interleukin-6 (/l-6), and interferon B (Inf-B) production in macrophages®! were down-regulated
in microglia from MMc'" offspring (Fig. 2h).’

As for possible sex-specific effects, we wish to highlight again that these are not WT offspring,
but Rag2*~ IL-2ryc*~ offspring. Hence, we could only focus on female offspring (kindly see our
reply to #1, part Il).

#5. Figures 2 and 3 describe a solid experimental plan to rule out the contribution of immune
cells in MMc-mediated brain development. The authors used allogeneic mating protocol in-
volving Wt C57BL/6 female and Rag2IL-2 ryc deficient male mice. In another mating, they
reversed the mating partners and analyzed the MMc content. They identified two types of ne-
onates — MMcPos and MMc low. What dictates this very distinguished difference? Why some
offspring become MMclow? Do MMclow offspring entail poor brain homeostasis? In Fig. 3, the
authors employ ultrasonic vocalization as one of the tools to differentiate between MMcPos
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and MMclow offspring. Although the authors claim significant differences, the data may not
support this claim strongly. Yes, there are clear-cut differences in discrimination profiles; the
number MMclow offspring used in the experiments is lower. A careful look at the ultrasonic
vocalization suggest that MMc low offspring experience the same vocalization as that de-
scribed autistic children, particularly male offspring. Do authors have any comment on this?

Author’s response: We also subdivided our response to this point into two parts and first
address the query related to MMcP°$/MMc'* animal model.

Part | (Animal model): This comment also indicates that the description of our experimental
approach, especially the MMc"°” vs MMc* model has been too superficial and may leave the
reader confused. As outlined above under #4, we have significantly amended the description
of our experimental design. Here, we now explain in greater detail why some offspring become
MMc'°¥. This facilitates comprehension of the distinguished differences between the Rag2*~
IL-2ryc*'~ offspring, which have either been born from Rag2*"* IL-2ryc** (termed MMc'°¥) or wt
mothers (termed MMc*). In fact, the comparison between MMc°" and MMc* allowed us to
identify the hyperactivation and altered function of fetal microglia in MMc"°" offspring, resulting
in enhanced disruption of brain homeostasis, and dismantling of synaptic connections by phag-
ocytosis of presynaptic vesicles. In the context of the present revision, we carefully went over
the description of our specific findings in order to ensure rapid comprehension. We refrain from
copying the entire section in this reply and kindly refer to the results section of the revised
manuscript with the subheading ‘MMc maintain fetal microglia homeostasis and suppress ex-
cessive presynaptic elimination’.

Part 1l (Ultrasonic vocalization): Here, Reviewer 1 suggests that our data may not support
strong differences. The reviewer correctly noted that the overall number of MMc"" pups is
lower compared to the number of MMc* pups that were available for the vocalization analysis
(8 vs 11). Irrespective of these differences in group size, we observed significant differences
with regard to the quality of the vocalizations between groups. As shown in Fig. 4b, simple
calls were lower in the MMc'°¥ offspring, whilst the frequency jumps and the complex calls are
higher.

Furthermore, we were very intrigued about the cross-reference made by the reviewer with
regard to the similarities between MMCc"Y offspring and autistic children, in which higher fun-
damental frequencies were noted (Esposito and Venuti, 2010) — similar to the cries we rec-
orded in the MMc" pups. In order to convey the importance of our observations in mice more
clearly, along with the intriguing link to autism in humans, we amended the manuscript as
follows:

In Results:

‘We observed significant differences with regard to the quality of the vocalizations between groups, as the length of
simple calls was lower in the MMc'°* offspring, whereas the frequency jumps and the complex calls lasted longer
(Fig. 4a-b, Extended Data Fig. 10a-c). These behavioral features might indicate emotional distress and disruption
of social communication between mother and MMc'®¥ pups. Intriguingly, a similar cry pattern has been observed in
autistic children3.’

#6. Adoptive transfer of MMc in MMclow offspring seems to restore microglial engulfment (?).
How many MMc needed to be transferred? Is there a kinetic threshold of adoptive transfer?
What happens to the offspring at P60 after adoptive transfer?

Author’s response: We adoptively transferred 1 x 107 immune cells into the immunodeficient
Rag2”IL-2ryc’- pregnant mice on E12.5. The cell suspension used for the transfer has been
obtained by harvesting leukocytes from blood, lymph nodes and spleen of pregnant wild-type
mice. The phenotypic assessment of the isolated cells revealed a frequency of approx. 60%
B, 30% T, and 10% myeloid cells, as well as low frequencies of NK cells, macrophages, lym-
phoid, and plasmacytoid dendritic cells, as depicted in Extended Data Fig. 11c. Noteworthy,
1 x 107 immune cells is the maximum cell number allowed by our institutional ethical guidelines
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to be injected, as higher numbers may cause thromboembolism. Since this number was just
sufficient to restore the MMc in fetal brain to the levels seen in MMc" offspring, we refrained
from tested fewer cells or evaluating kinetic thresholds.

We did not include the day P60 in our experimental design, as our observations in wild type
mice had informed us that MMc in brain have significantly waned at this offspring’s age. There-
fore, the experimental burden of the intervention for the mice would not have been justified by
the outcome, as this would have likely confirmed MMc numbers close to detection limit.

In order to convey the findings in the MMc"*AT offspring born from the Rag2”IL-2ryc” preg-
nant mice upon adoptive transfer, we reworded this section in the results section as follows:

‘In the MMCc'%*AT offspring, AT restored the absolute number of MMc in fetal and neonatal brain (Fig. 5b-d) and
MMc subset populations on E18 and P8 were similarly distributed as observed in MMcP°s offspring (Extended Data
Fig. 11d-e). Moreover, the number of fetal and neonatal microglia was restored in MMc'®¥*AT offspring to the fre-
quencies observed in MMcPs offspring (Fig. 5e-f). Similarly, in the MMc'*"*AT offspring, the enhanced presynaptic
terminal elimination detected in MMc'*" offspring was restored to levels comparable to those seen in in MMcP°s
offspring (Fig. 5g-h).’

Minor comments:
#1. On line 118, it should be Fig. 2b-c not Fig. 3b-c. Also, on the same page line 132, it should
be “to a lesser extent”.

Author’s response: We corrected the text accordingly.

#2. Although the authors discuss why fetal microglia increase when MMc are low, it is not
entirely clear why MMc become low and affect only microglia. Otherwise, Discussion is well
written.

Author’s response: In our response to point #4, we have explained why MMc become low in
the experimental model we developed and revised the manuscript accordingly. Here, the re-
viewer additionally queries why only microglia are affected by the decrease of MMc. We re-
spectfully disagree with the statement reducing our findings to ‘only’ microglia changes. Be-
sides the overall behavioral changes we observed, we also screened for additional changes
of fetal brain immune cells and observed reduced numbers of T and B cells in fetal brain (Ex-
tended Data Fig. 6h-f). Given the importance of microglia, we focused on the consequences
of the altered fetal microglia number, phenotype and function, e.g. in their interaction with neu-
rons. Admittedly, we did not follow up on the consequences related to the decrease of T and
B cells. In order to address the reviewer’s point, we included this now in the discussion as
follows:

‘Given the importance of microglia for brain wiring, the present study focuses on the identification and functional
consequences of the altered fetal microglia number seen in offspring with reduced or restored MMc. The observed
decrease of T and B cells in brain of fetal MMc'®" offspring will be subject of future investigations, especially taking
into account the functional role of T cells in autoimmune diseases affecting the brain.’



‘ Reviewer #2

Reviewer #2 (Remarks to the Author):

This is a very interesting manuscript designed to determine the impact of maternal microchi-
meric (MMc) cells in fetal mouse brain on synaptic development, circuit function, and behavior.
The authors report a significant number of the MMc within the fetal brain are microglia with
high expression of homeostatic genes, and that these cells primarily localize to the PFC and
HP. In the absence (or reduction) of MMc, there are more microglia in the fetal brain and they
engulf more presynaptic markers. Moreover, offspring exhibit altered communication and cog-
nitive behaviors and changes in network activity. Finally, adoptive transfer of leukocytes back
to immunodeficient dams largely rescues these phenotypes. Overall, there is a large amount
of compelling data and the rigor and importance of the work seems high. There are some
concerns, which are outlined here.

Author’s response to general comment: We are pleased to learn that the reviewer generally
appreciates our work and describes our data as compelling.

#1. Fig. 1 — panel fis confusing. It looks like according to the color-coded dots for different cell
types that endothelial cells also express high levels of the canonical microglial markers Cx3cr1,
P2yr12, and Sparc? Similarly, for panel h, it says the heatmap of gene expression is based on
genes that were more than 50% higher in MMc compared to fetal microglia, but the heatmap
also shows genes with decreased fold change? Finally, for panel g, these gene categories are
subjective and context-dependent. The genes included in each category should be provided
rather than assigning them to categories absent a functional readout. For instance, tmem119
is often considered a “homeostatic”’ gene in microglia but its expression is not particularly high
in the microglia clusters in panel f.

Authors’ response: We have to apologize for an oversight that has resulted into the wrong
insertion of genes in the graph shown in Fig. 1f, which has been noticed by the reviewer (and
unfortunately not by us prior to submission!). The faulty graph indicated the expression of
genes (Cx3cr1, P2yr12, Sparc, Tmem119), which are not regularly expressed in the non-mi-
croglia cells we evaluated (T, B, endothelial, and neuron-like cells). Our systems biologists
repeated the analysis pipeline, which resulted in the corrected and now inserted graph 1f, in
which Cx3cr1, P2yr12, Sparc and Tmem119 are no longer upregulated in the non-microglia
cells.

Next, the reviewer commented that the gene categories we had used in graph 1g are based
on subjective and context-dependent criteria. We agree with the reviewer that such categori-
zation of genes underlies a certain degree of subjectivity. On the other hand, such categoriza-
tion is a common approach used in many scientific publications in order to facilitate compre-
hension of the complex findings resulting from scRNA-Seq. However, since it was our primary
intention to characterize MMc on a cellular and molecular level - as shown in Fig. le-f, Ex-
tended Data 2a-b - we decided to omit the somewhat redundant graph 1g (and related graph
1h), in which we had introduced the gene categories.

#2. Fig. 2 - Determination of cell number using flow cytometry is not very reliable. There are
too many variables regarding cell loss with the isolation and method of gating. Quantitative
claims should be shown in the intact brain using IHC or similar.

Authors’ response: It appears that two schools of thought may be colliding here, whereas
the reviewer seems to favor immunohistological (IHC)/in situ approaches, and our approach is
largely based on flow cytometry. Therefore, we respectfully disagree with Reviewer 2’s state-
ment that determination of cell number is not very reliable when using flow cytometry as a
quantitative approach. To justify and strengthen our approach, we wish to summarize the ex-
perimental methods we implemented in order to exclude technical limitations related to flow
cytometry, e.g., the loss of cells when isolating and gating brain cell, as mentioned by the
reviewer. First, we transcardially perfused the mice prior to sacrificing in order to exclude that
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cells isolated from brain are contaminated by cells from the peripheral vasculature supplying
the brain. The risk of cell loss when isolating cells from the brain was reduced by our estab-
lished flow cytometry protocol, which includes i) careful handling of cell pellets when washing
the cells, ii) no enzymatic digestion of the brain tissue, as this would have affected cell numbers
and surface marker expression. In fact, our protocol allows to isolated brain cell by careful
manual homogenizing of the organ through a cell mesh. Taken together, this protocol is well-
established and widely used internationally and has resulted in important insights on microglia
function and development (Hammond et al.,, 2019; Kim et al.,, 2021; Marsh et al., 2022;
Matcovitch-Natan et al., 2016). Similarly, the method of gating we (and many others) chose to
identify distinct cell subsets in the cell suspensions isolated from the brain is unambiguous due
to the well-balanced number of antibodies and conjugated fluorochromes (Filipello et al., 2018;
Hammond et al., 2019; Masuda et al., 2019). Our protocol also ensures that the gated cells
are indeed the cells of interest by including the so-called FMO control (fluorescence minus
one), in which we sequentially omit one fluorochrome-conjugated antibody from the complete
antibody panel in order to create a negative control for this specific marker. The high quality of
our experimental approach with regard to cell isolation and gating is also reflected by the sim-
ilar number of parent populations we detected in the respective experimental groups. This
quantification step underpins that analysis within a similar parent population yields to sound
cellular data in the brain. Second, the quantification of MMc in fetal brain requires the detection
of four cell surface markers alone (CD45.2*, CD45.1m9, H-2D"® * H-2D%° n¢9), plus additional
markers to identify the phenotype of MMc. Here, we additionally included CD11b for the iden-
tification of microglia, CD3 for T cells, B220 for B cells and others. In total, 14 markers are
needed to unambiguously quantify MMc in fetal brain. Therefore, a histological approach using
14 cells surface markers (antibodies) simultaneously would have been associated with signif-
icant technical limitations. Nonetheless, the reviewer is certainly correct in favoring IHC-based
approaches, as is enables to localize cells in situ. This was also our goal in the context of MMc
detection in the fetal brain, which is why we had included the mouse model in which tdTomato*"
females mated to wild-type males were used and order to generate litter with 50% of
tdTomato*~ and 50% of tdTomato™ offspring. The tdTomato™ offspring then enable localization
of tdTomato-positive cells in the brain, which can only be maternally derived and hence, MMc.
These data are shown in Suppl. Fig. 1f and — following the CUBIC clearing of fetal brain - in
Movie 1.

We hope that our explanations have convinced Reviewer 2 that the determination of cell num-
ber using flow cytometry in our manuscript was sound and has yielded to reliable data.

#3. Why was Vglut1 assessed for pruning by microglia? These label short-range projections
(e.g. intra-cortical) at P8, in contrast to Vglut2, which labels long-range projections. It is sur-
prising given the claim that these synaptic changes underlie the circuit deficits in the mice, as
the relevant long-range projection synapses were not assessed. It is therefore less convincing
that these synaptic changes are linked to the network activity changes reported.

Authors’ response: We agree with the reviewer that the assessment of microglia pruning
solely based on Vglut1 expression had its limitation, as the Vglut1 staining only labels short-
rage projection. In the context of the revision, we performed additional experiments and now
included data showing the Vglut2-based long-range projections. Here, similar to Vglut1, we
also observed a higher Vglut2 engulfment by microglia from MMc®* compared to MMcP®s off-
spring. However, opposed to the observations with regard to Vglut1, this increase did not reach
levels of significance for Vglut2 (P = 0.07).

We amended the results section of the revised manuscript as follows:

‘In order to provide evidence for this notion, we investigated microglia engulfment of synaptic terminals in the pre-
limbic subdivision (PL) of PFC and HP, since these areas are the core of neuronal networks accounting for complex
cognitive abilities, such as memory, learning, and flexibility3*. The engulfment of terminals from short-range projec-
tions stained by Vglut1* and from long-range projections stained by Vglut2* augmented in MMc'°¥ offspring ex vivo,
yet the increase reached significance level only for Vglut1* (Fig. 2i-I, Extended Data Fig. 7a-n).’



In Methods/Imaging and image analysis:

‘For Iba-1, Vglut1, and Vglut2 positive cell expression, microscopic stacks were acquired as 1024x1024 pixels im-
ages with 750nm Z-steps capturing 8 microglial cells within the mPFC and CA1 region of the HP, using a 63X
objective.’

In Methods/Immunohistochemistry:

‘Subsequently, slices were processed by incubating them overnight at 4°C with anti-lba-1 (1:500, Wako Pure Chem-
ical, Cat. No. 019-19741), anti-Vglut1 (1:1000, Millipore, Cat. No. AB5905), and anit-Vglut2 (1:500, Synaptic Sys-
tems, Cat. No. 135404), followed by 1 h incubation with goat-anti-guinea pig (1:500, AF488, Invitrogen, Cat. No. A-
11073), donkey-anti-rabbit (1:500, AF568, Invitrogen, Cat. No. A-10042) secondary antibodies and Hoechst33258
(1:5000, Sigma, Cat. No. 94403).’

#4. For fig 3d and f, it actually appears that the controls (MMcpos) mice show no discrimination
as they are roughly at chance, whereas the MMclow do, and avoid the novel object. This is not
a cognitive deficit but perhaps novelty avoidance. In any case, they show better discrimination
if | am interpreting this correctly. More concerning is the fact that the control group does not
show normal discrimination so the data are difficult to interpret.

Authors’ response: We agree with the reviewer that the behavioral performance of the control
offspring (MMcP®®) is roughly at chance, whereas the behavioral performance of the MMc™"
offspring is well below the threshold. We have made similar observations in previous studies,
where the control animals also did not all perform above chance (Chini et al., 2020), whilst
overall better compared to the data presented here. The poor behavioral performance ob-
served in our present study may be explained by the heterozygous genetic background of the
MMcP°s and MMc™" offspring. These offspring resulted from the allogenic mating combination
of two different mouse strains, C57BL/6 females and Balb/c males, hence have a mixed strain
background. Published evidence showed that Balb/c and C57BL/6 mice perform differently in
behavioral experiments, for instance Balb/c mice are more anxious and less explorative
(Depino and Gross, 2007; Garcia and Esquivel, 2018). In addition to the mixed
C57BL/6xBalb/c strain background of the MMcP*s and MMc"" offspring, these offspring are
also all heterozygous for the Rag2/IL-2ryc genes. It was reported that the genetic manipulation
of IL-2ryc also results in impaired behavioral competence (Petitto et al., 1999), which may
further explain the overall poor performance we observed. We here directly compare offspring
that are all of mixed strain background and heterozygous for the Rag2/IL-2ryc genes and thus
feel, that the significant reduction of behavioral performance in MMc"" compared to MMcP°s
animals is a valid observation. Clearly, the option to extrapolate or compare the overall perfor-
mance we observe in our unique experimental setting to other studies where e.g., pure strains
without transgenic manipulation were used, is very limited. To highlight this aspect in the re-
vised manuscript, we specified the text as follows:

In Discussion:

‘Of note, the performance of pre-juvenile MMcP°s offspring in recognition memory tasks was often below chance
level. This may be explained by the mixed strain background of the MMcP°s/MMc°¥ offspring, which resulted from
the allogenic mating combination of C57BL/6 females and Balb/c males. In fact, Balb/c mice have been shown to
be more anxious and less explorative®%!. Additionally, the MMcP°s and MMc'" offspring are also heterozygous for
the Rag2/IL-2ryc genes. The genetic manipulation of /L-2ryc may result in an impaired behavioral competence®2.
However, these deficits of individual groups do not bias the robust differences observed between MMc"°* and
MMcPes animals, since they all shared mixed strain background and are heterozygous for the Rag2/IL-2ryc genes.’

#5. The authors make no comment on the mechanism by which immune cell deficiency in
dams impacts microglial number and/or function. Are there changes in the yolk sac progenitors
or only changes once they arrive into the CNS?

Authors’ response: In order to address this question, we performed additional experiments
in which we isolated the individual yolk sacs from female MMcP°¢ and MMc°" offspring and
subsequently quantified the leukocytes, erythromyeloid progenitor cells (EMPs) and pre-mac-
rophages at E9.5 by means of flow cytometry. Since the total number of EMP (A) and pre-



macrophages (B) is very low, differences between groups of offspring do not seem to be reli-
able. However, the reviewer raised an intriguing notion, which we would like to convey to a
future readership. We therefore amended the discussion as follows:

‘Tissue-resident macrophages like microglia in brain originate from

1.0 § B erythromyeloid progenitors (EMP), which develop in the yolk sac,
= 0.8 E o then migrate and seed into the fetal liver and subsequently colonize
'g Esqj oo embryonic organs as EMP-derived macrophages. In the brain,
£ 0.6 8 oo these progenitors complete their differentiation into microglia, which
E < 4 oo are self-renewing throughout life and are only minimally replenished
947 g— amp O O by circuiting macrophages*3#4. In our study, the number of progen-
Biood 824 0 0 coo itor cells did not differ in yolk sac of MMcP°s and MMc'*¥ offspring at

E o @im E9.5 (Extended Data Fig. 12a-b). However, since the overall num-
o.0-—emm—amp— o o-———amp—  Dber of such progenitor cells was extremely low, the biological signif-
MMc”°* MMc®* MMcP* MMc ™™

icance of these observations may be limited. Future studies should
aim at in-depth investigations of the microglia progenitor cells and
their development in presence and absence of MMc infiltration in order to determine their potential interaction al-
ready in the yolk sac.’

#6. Why were cognitive behaviors tested at P19-24 in offspring? This is interesting because it
is the time in which the hippocampal circuitry is just maturing, and any delay or alteration in
this maturation could impact the behavioral phenotype. Do the behavioral phenotypes persist
into the later life or are they transient to just this time window?

Authors’ response: The reviewer raises an important question. The cognitive behavior has
been tested at the time point when the abilities emerge. For this age, we developed the opti-
mally fitting experimental paradigms and acquired a large data set for mice and rats (Chini et
al., 2020; Kruger et al., 2012; Xu et al., 2021). The relationship between maturational dynamics
and cognitive behavior is of high interest. Studies in rodents showed that specific developmen-
tal time windows are of particular relevance for adult behavioral performance. For example,
we previously identified the beginning of the second postnatal week as critical for cognitive
abilities of adults, since manipulation of neuronal activity at this neonatal age caused memory
deficits later in life (Bitzenhofer et al., 2021). On the other hand, environmental triggers or
activity manipulation may cause deficits that reverse along postnatal life, become milder in
their characteristics or even entirely disappear. For instance, individuals with autism spectrum
disorder have been closely studied for their autistic traits in several longitudinal and retrospec-
tive studies (Billstedt et al., 2005; Eaves and Ho, 2008; Farley et al., 2009; Helles et al., 2015;
Lord et al., 2015; Magiati et al., 2014; Seltzer et al., 2004), showing clear improvements in
cognitive and behavioral symptoms over time. The experiments necessary to properly address
question #6 are complex and exceed the framework of this already very dense study. They will
be the core of a future investigation focusing on the long-term effects. In the present manu-
script, we addressed the reviewer’s concern b specifying:

In Discussion:

‘In the present study, we focused on the emergence of cognitive abilities along neonatal and pre-juvenile develop-
ment and did not extend the investigation of behavioral phenotype until adult age. The long-term effects of reduced
number of MMc might be either milder and (partially) compensated or persistent, leading to life-long deficits. We
recently identified critical time windows of cognitive development during which transient manipulation of electrical
activity causes permanent reduction of network function and behavioral performance in memory tasks%. Similar
processes may occur also in MMc'** mice. The number of retained MMc declines with age, although low numbers
are still detectable in mature offspring.’
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Reviewer #3

Reviewer #3 (Remarks to the Author):

The manuscript entitled "Pregnancy-induced maternal microchimerism shapes neurodevelop-
ment and behavior" by Schepanski et al. described that subsets of maternal cells termed ma-
ternal microchimeric cells (MMc) contribute to fetal brain development by repressing fetal mi-
croglia cells and preventing excess synaptic pruning. Moreover, the authors observed that
MMc ensured the establishment of the prefrontal-hippocampal circuit and normal learning and
memory behaviors in offspring. The observation is interesting and may significantly impact the
understanding of brain development. However, there are some unignorable concerns about
their data and interpretation.

Major points:
#1. It is unclear why the authors ran mouse behavioral assay using only neonatal or (pre-)

juvenile mice. The authors reasoned that MMc were not detected beyond P60. But if MMc
played significant roles during early brain development, the behavioral alteration should sus-
tain. How are the behavioral phenotypes in fully matured animals?

Authors’ response: As specified to query #6 of Reviewer #2, the impact of MMc on cognitive
performance along the entire development is a highly important aspect, yet the in-depth ex-
perimental investigation exceeds the framework and main aims of the present study. The cog-
nitive behavior has been tested at the time point when the abilities emerge. For this age, we
developed the optimally fitting experimental paradigms and acquired a large data set for mice
and rats (Chini et al., 2020; Kruger et al., 2012; Xu et al., 2021). The relationship between
maturational dynamics and cognitive behavior is of high interest. Studies in rodents showed
that specific developmental time windows are of particular relevance for adult behavioral per-
formance. For example, we previously identified the beginning of the second postnatal week
as critical for cognitive abilities of adults, since manipulation of neuronal activity at this neonatal
age caused memory deficits later in life (Bitzenhofer et al., 2021). On the other hand, environ-
mental triggers or activity manipulation may cause deficits that reverse along postnatal life,
become milder in their characteristics or even entirely disappear. Since most structural and
functional investigations focused on early and midterm development, we monitored the behav-
ioral corelates during similar time windows. Since neonatal mice, e.g. at P8, are not yet able
to perform complex tasks, we focused on basic behavioral experiments such as recording their
vocalizations upon separation from the mother to assess the short-term consequences of re-
duced numbers of MMc during fetal development. Here, we observed significant differences
with regard to the quality of the vocalizations between MMcP°s and MMc"°" offspring. The me-
dium-term consequences of reduced numbers of MMc during fetal development were as-
sessed at pre-juvenile age (between P19-24). At this age, more complex behavioral patterns
emerge. We observed significantly shorter interaction time and fewer interactions with novel
or less-recent objects in MMc" offspring. The number of retained MMc declines with age,
although low numbers are still detectable in mature offspring (P60). The experiments neces-
sary to uncover the long-term impact of MMc on adult cognitive behavior (long- and short-term
memory, attention, decision-making and working-memory) will be the core of a future study. In
the revised manuscript we specified the focus on short- and mid-term effects as follows:

‘Next, we tested whether the dysfunction of PFC-HP circuits in neonatal MMc'°¥ mice leads to behavioral deficits
already at this early developmental stage.’

‘Second, we monitored the emergence of cognitive abilities requiring prefrontal-hippocampal communication that
can be tested starting from the second-third postnatal week.’

‘In the present study, we focused on the emergence of cognitive abilities along neonatal and pre-juvenile develop-
ment and did not extend the investigation of behavioral phenotype until adult age. The long-term effects of reduced
number of MMc might be either milder and (partially) compensated or persistent, leading to life-long deficits. We
recently identified critical time windows of cognitive development during which transient manipulation of electrical
activity causes permanent reduction of network function and behavioral performance in memory tasks%. Similar
processes may occur also in MMc'® mice. The number of retained MMc declines with age, although low numbers
are still detectable in mature offspring.’
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#2. Gu's group showed that the mouse blood-brain barrier became functional at the embryonic
day (E) 15.5 (Nature 509, 507-511, 2014), suggesting that MMc migration occurred before.
Since fetal microglia cells also influenced the differentiation, proliferation, and migration of
neural progenitor cells (NPCs) and newly differentiated neurons, why do the authors think that
microglial defect is just synaptic pruning in MMc low mice that occurred much later? Do the
authors observe any alteration in NPCs and newly differentiated neurons during earlier fetal
brain development?

Authors’ response: We share the reviewer’s appreciation for the work by Gu’s group (Ben-
Zvi et al., 2014) on the functional establishment of the blood-brain barrier at the embryonic day
15.5 in mice. However, from our point of view, this functional establishment of the blood-brain
barrier does not necessarily exclude continuous MMc migration across the blood-brain barrier.
In fact, published evidence reveals that breast milk-derived MMc can be detected in the off-
spring’s brain (Aydin et al., 2018), supporting an MMc migration after blood-brain barrier es-
tablishment.

As stated by the reviewer, fetal microglia can influence a wealth of processes in the developing
brain, e.g. differentiation, proliferation, and migration of neural progenitor cells as well as the
refinement of synaptic connectivity. We here analyzed their influence on refining synaptic con-
nectivity and neuronal branching, because synaptic pruning is the result of a variety of neuronal
molecular interactions, such target recognition, as well as phagocytosis, and has been shown
to be an essential step in the cascade of impairing neurodevelopment (Faust et al., 2021;
Neniskyte and Gross, 2017). In the present study, we did not include assessments of different
neuronal types, specific receptor functions, and dendritic arborization earlier during fetal brain
development, as it was our primary focus to assess the effect of MMc of fetal microglia towards
the end of fetal development, when they could accumulate the longest. In addition, this allowed
for the investigation of the influence of MMc on fetal microglia almost entirely devoid of (early)
postnatal environmental stimuli, which have been shown to alter microglia function dramati-
cally (Hanamsagar and Bilbo, 2017). To convey our rationale more clearly, we have revised
the discussion as follows:

‘Since the fetal blood-brain barrier becomes functional during fetal development at E15.5%°, one may assume that
MMc migration into the fetal brain discontinues as of the milestone. Interestingly, published evidence reveals that
MMc derived from breast milk can also be detected in the offspring’s brain*', which strongly supports a continuous
MMc migration upon blood-brain barrier establishment.’

‘The microglia engulfment of pre-synaptic terminals was used as readout of diverse neuronal interactions that con-
trol the development of circuits.’

#3. MMc were detected in different brain regions, including the cerebellum. Why only MMc in
PFC and HP affect fetal microglia?

Authors’ response: As noticed by the reviewer, the initial screening assays let to the detection
of MMc in different brain regions, including the cerebellum. In the subsequent functional anal-
yses, we focused on the consequences of MMc in PFC and HP, since these areas are the core
of the limbic circuit accounting for cognitive behavior (learning, memory, flexibility). Corre-
spondingly, structural and function alterations of PFC-HP communication have been detected
as substrate of cognitive impairment in several neurological and neuropsychiatric disorders
(Bahner et al., 2015; Herweg et al., 2016; Milad et al., 2007; O'Neill et al., 2013; Spellman et
al., 2015). To mirror these aspects, we modified the text:

In Results:

‘In order to provide evidence for this notion, we investigated microglia engulfment of synaptic terminals in the pre-
limbic subdivision (PL) of PFC and HP, since these areas are the core of neuronal networks accounting for complex
cognitive abilities, such as memory, learning, and flexibility3*. The engulfment of terminals from short-range projec-
tions stained by Vglut1* and from long-range projections stained by Vglut2* augmented in MMc'°¥ offspring ex vivo,
yet the increase reached significance level only for Vglut1* (Fig. 2i-k, Extended Data Fig. 7a-n).’

In Discussion:
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‘In the present study, we were able to detect MMc in different brain regions, including the cerebellum. The in-depth
functional investigation focused only on MMc in PFC and HP due to the role of these areas for cognitive processing
in health and abnormal memory and cognitive flexibility in neurological and neuropsychiatric disorders*5-49.’

#4. |s there any mechanistic understanding of how MMc suppress fetal microglia?

Authors’ response: The reviewer raises a valid question about the interaction of MMc and
fetal microglia in the developing brain, as our results strongly support an MMc-dependent sup-
pression of fetal microglia activation and related synaptic pruning. . From our point of view, the
outcome of our scRNASeq analyses provides a number of pivotal hints to understand how the
interaction between MMc and fetal microglia may be operational. Here, we identified an upreg-
ulation of sensome genes in MMc, including Cd47, Selplg, Cd37 and Il-6ra, along with a down-
regulation of inflammatory genes (data are shown in Fig. 1). In fact, it has been shown that the
microglia sensome conveys neuroprotection and is involved in host defense (Hickman et al.,
2013). More specifically, CD47 protects synapses from excess microglia-mediated pruning
during development (Lehrman et al., 2018). This provide an explanation for the observation
we made in MMc"" offspring, where the reduction of MMc and hence, Cd47, was linked to an
increased microglia-dependent pruning. Another gene expressed by MMc, the //-6r, has similar
beneficial functions, as repopulation of the brain with microglia is dependent on IL-6r pathways
(Willis et al., 2020). Additionally, only a very low number of MMc expressed inflammatory
genes, which may skew the microenvironment in the fetal brain towards homeostatic balance.
Indeed, when MMc are low, we observed an upregulation of inflammatory genes in fetal mi-
croglia, e.g., Tnf-a, and Ifn-B, along with the downregulation of Rab-7b, which suppresses in-
flammation. In our present work, we did not provide causal proof to confirm each of these
possible pathways underlying the cross-talk between MMc and fetal microglia, as functional
evaluation of each pathway is likely ‘a paper in itself’. We see the strength of our findings on a
larger scale, as we identified a broad spectrum of possible pathways for interaction between
MMc and fetal microglia and possible also the entire microenvironment in the developing brain.
In order to emphasize on this more clearly, we now amended the discussion as follows:

‘Since our results strongly support an MMc-dependent suppression of fetal microglia activation and related synaptic
pruning, they raise the question of how MMc may interact with fetal microglia in the developing brain. The outcome
of our scRNA-Seq analyses provides pivotal hints towards understanding how the interaction between MMc and
fetal microglia is operational. We identified an upregulation of sensome genes in MMc, including Cd47, Selplg,
Cd37 and ll-6ra, along with a down-regulation of inflammatory genes. In fact, it has been shown that the microglia
sensome conveys neuroprotection and is involved in host defense?’. More specifically, CD47 protects synapses
from excess microglia-mediated pruning during development33. This provide an explanation for the observation we
made in MMc°¥ offspring, where the reduction of MMc and hence, Cd47, was linked to an increased microglia-
dependent pruning. Another gene expressed by MMc, the /-6, has similar beneficial functions, as repopulation of
the brain with microglia is dependent on IL-6r pathways®*. Additionally, only a very low number of MMc expressed
inflammatory genes, which may skew the microenvironment in the fetal brain towards homeostatic balance. Indeed,
when MMc are low, we observed an upregulation of inflammatory genes in fetal microglia, e.g., Tnf-a, and Ifn-(,
along with the downregulation of Rab-7b, which suppresses inflammation. Taken together, the data suggest a broad
spectrum of possible pathways for interaction between MMc and fetal microglia, and, very likely, the entire micro-
environment in the developing brain. Causal proof to confirm these pathways should develop from future studies
for which our present findings provide a solid rationale.’

#5. The authors defined that 5 clusters of MMc were microglia based on scRNA-seq. Does it
mean that pregnant female mice shaded microglia in blood circulation? Or are these cells mi-
croglia-like cells? Also, their expression profile suggested that microglia-specific marker such
as Tmem119 expression is low? How about Sall1 expression? Are these cells possibly border-
associated macrophages (BAMs) or perivascular macrophages? If so, how about the expres-
sion of Pf4 and Lyve1 that are markers for BAMs?

Authors’ response: We divided our response to this point into two parts.

Part 1: The suggestion made by the reviewer that pregnant females shaded microglia in blood
circulation is certainly intriguing. Our approach when assessing MMc in the fetal brain does
not provide insights on the origin or history of differentiation of the MMc prior to entering the
fetal brain. However, in a previous study, we focused on the role of MMc in fetal bone marrow,
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where we observed that a high frequency of MMc were T cells. Thus, it may be more likely that
maternal progenitor cells enter the fetal circulation and may then undergo further differentiation
once entered or recruited into distinct fetal organs. Although speculative, we have now in-
cluded this concept as follows in the revised discussion as follows:

‘Clearly, our assessment of MMc in the fetal brain does not provide insights on the origin or differentiation fate of
MMc prior to entering the fetal brain. We here observed that a large number of MMc in the fetal brain are microglia,
but also T and B cells were present. In a previous study, we focused on the role of MMc in fetal bone marrow and
could identify that the high frequency of MMc are T cells, whilst the frequency of microglia-like cells, e.g., macro-
phages, was low'"’

Part 2: Here, the required enquires about the low expression of microglia-specific marker, such
as Tmem119. As explained in our response to comment #1 from reviewer #2, we apologize
for the wrong insertion of genes in the graph shown in Fig. 1f. After re-analyses performed by
our systems biologists, we now confirm an elevated expression of Tmem119 in MMc microglia.
Moreover, the reviewer comments on the Sall1 expression, possible border-associated mac-
rophages (BAM), and perivascular macrophages among the pool of MMc. In order to address
this aspect, we performed additional analyses of the MMc. As now shown in Supplementary
Fig. 2b, all microglia clusters showed an elevated expression of Sall1, which supports the idea
of MMc expressing microglia check-point genes. Further, by these analyses we excluded that
MMc may be border-associated macrophages (BAMs) or perivascular macrophages, since
their expression of Pf4 and Lyve1 is low.

In order to provide these aspects, we amended the discussion as follows:

‘We excluded that the MMc microglia were border-associated or perivascular macrophages due to their low expres-
sion of platelet factor 4 (Pf4) and lymphatic vessel endothelial hyaluronan receptor 1 (Lyve1) (Extended Data Fig.
2b, Supplementary Table 2).’

Minor points:
#1. Although lightsheet microscope imaging did not look like it, the Extended Figure 1f imaging

looks like cells were in the tubular structure. Did the authors co-stain with a maker for the
vasculature (e.g., CD31) and ensure that MMc were outside the vasculature?

Author’s response: We thank the reviewer for the comment on Extended Figure 1f. As sug-
gested by the reviewer, one might recognize that the structure appearing in the center may be
vasculature. In our imaging experiments, we transcardially perfused the offspring’s brains in
order to exclude any false-positive signals arising from cells within the cerebral vasculature
lumen. In order to only target the td-Tomato-expressing MMc, we did not stain for any other
marker. The presence of MMc in the vasculature suggests that the MMc in this image was
captured when crossing the blood brain barrier. We amended the figure legend as follows:

‘Noteworthy, tdTomato* MMc can be found in the cerebral vasculature lumen.’

#2. It looks like MMc locate as clusters (by 2D and 3D images). Is there any discussion about
it?

Author’s response: As suggested, we mentioned the clustering of MMc:

‘According to the present data, MMc seemed to cluster in the PFC. This unique profile of homeostatic and sensome
genes may account for the observed neuronal refinement in specific brain areas.’

#3. References are needed for Rab-7b is a negative regulator for inflammation. So far, the
evidence is that Rab-7b is important for the degradation of TLR4.

Author’s response: We provide the requested reference (Yao et al., 2009).
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#4. Can the authors show the improvement of excess synaptic engulfment of microglia in
vivo, such as sparse labeling of synapses? It is well known that microglia quickly changed
the phenotype and gene expression.

Author’s response: Reviewer 3 queries about the excessive synaptic engulfment of microglia
in vivo mirrored by sparse labeling of synapses. However, an in vivo approach would require
the UV ablation of selective neurons in order to visualize microglia activity using live imaging.
However, UV ablation would influence the phenotype and gene expression of microglia. In
order to provide some of the information requested by the reviewer on the sparse labeling of
synapses, we performed additional experiments that included histological examinations of
brain sections. Here, we now show significantly less Vglut-1 and Vglut-2 puncta in the PFC
and HP of MMc" offspring when compared to MMcP°® pups at P8.

We amended the manuscript as follows:

In Results:

‘In order to provide evidence for this notion, we investigated microglia engulfment of synaptic terminals in the pre-
limbic subdivision (PL) of PFC and HP, since these areas are the core of neuronal networks accounting for complex
cognitive abilities, such as memory, learning, and flexibility3*. The engulfment of terminals from short-range projec-
tions stained by Vglut1* and from long-range projections stained by Vglut2* augmented in MMc'°¥ offspring ex vivo,
yet the increase reached significance level only for Vglut1* (Fig. 2i-k, Extended Data Fig. 7a-n).’

In Methods:

‘Microglia numbers and labeled synapses (Vglut1, Vglut2) were determined using the particle analyzer plugin for
the ImageJ software. The threshold for all signals was set to acquire optimal representation and kept constant
during image analyses. Afterwards, the number was normalized to mm?.’

#5. A more detailed method is required for single-cell RNA-seq. For example, how many rep-
licates did the authors use, and any batch effects were observed?

Author’s response: We added the requested information:

In Methods/Cell sorting:
‘For scRNA-seq, 16 fetal brains from 4 litters were pooled in order to collect 1x10* MMc, which simultaneously
minimized potential batch effects and integrates cells from 16 biological replicates.’
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REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author):

The authors have adequately responded to this reviewer's concerns. The revised manuscript is now
suitable for publication.

Reviewer #2 (Remarks to the Author):

The authors have addressed the majority of my comments. However, there is still some issue with the
interpretation of the behavioral data in what is now Fig 4. The controls are performing at chance,
whereas the MMcPOS mice are performing with a discrimination index that is almost certainly different
from chance. Did the authors perform this statistical test (to determine if performance is different from
50% chance in either direction?). If so, the MMc are exhibiting discrimination, which is not a
deficit/disturbance. It is a change in behavior for sure, but it is not accurate to say that it is a deficit
when they are showing greater discrimination than the controls. This may be somewhat semantic but it
is important for the interpretation of the rest of the study and supports the growing literature that
microglial pruning is not always maladaptive or may be context-dependent.

Reviewer #3 (Remarks to the Author):

The revised manuscript by Schepanski et al. entitled "Pregnancy-induced maternal microchimerism
shapes neurodevelopment and behavior" addressed major concerns, and the manuscript showed
significant improvement. Since the manuscript contained a new concept of how maternal cells
suppressed fetal microglia and endured normal brain development and behavior, this manuscript should
be published in Nature Communications.



Point-by-point reply to reviewers’ comments (reproduced verbatim) on manuscript en-
titled "Pregnancy-induced maternal microchimerism shapes neurodevelopment and
behavior", NCOMMS-21-42047-T, April 2022

Reviewer #1

General comment: This manuscript focuses on the role of maternal microchimerism on neu-
rodevelopmental and behavioral changes in the offspring. The authors claim that maternal
microchimeric cells (MMc) of different lineage in the fetal brain provide regulatory help in shap-
ing normal neurodevelopment and behavior. The authors have performed some clever exper-
iments and presented their data in an informative manner. This is a complex theme and the
data presented need to have a critical analysis and interpretation. Several concerns remain
unaddressed.

Authors’ response to general comment: We are pleased to learn that Reviewer 1 generally
appreciates our study and acknowledges our experimental approach and data presentation.
We are grateful for his/her additional constructive comments, which helped us to improve our
work, as outlined in the following.

Major comments:

#1. The authors are analyzing tdTomato-positive MMc at E18.5. Did the authors look at E14,
E16, or even earlier for their presence? It is important because some of the analyses the au-
thors have presented may relate to neurodevelopmental issues such as autism and schizo-
phrenia later in the offspring. Although the authors show in Fig. 1b that there is no difference
in MMc content in males vs. females, it is surprising as even at the placenta level, sexual
dimorphism makes an impact on the onset of fetal brain development. MMc significantly de-
crease as the offspring ages. Is it because some lineage cells of MMc do not renew themselves
or are eliminated due to lack of their growth factors in the brain microenvironment. In humans,
MMc can be detected after 27 years of birth (Bianchi et al). Did the authors analyze MMc at
P60 using the methods described in Fig. 1e and g?

Authors’ response: In this comment, the reviewer raised several pivotal aspects. We have
subdivided our response in three parts to give each aspect full credit.

Part | (Assessment of MMc at earlier gestational time points). We agree with the reviewer that
kinetic analyses of MMc in fetal brain would be interesting, especially at critical neurodevelop-
mental time points. However, MMc transfer from mother to fetus during gestation is not only a
physiological phenomenon, but has also been described as a continuous flow of cells which
commences upon completion of placentation at gestational days 9.5/10.5. Therefore, in our
present study, we focused on the analysis of MMc presence in the fetal brain at the last time
point possible during gestation (E18) in wild-type mice as well as in mice with experimental
MMc reduction. This allowed us to characterize MMc at the cellular and molecular level at the
end of fetal development, when they could accumulate the longest. Additionally, this enabled
us to assess the impact of MMc on fetal microglia phenotype and function prior to birth, hence,
prior to the onset of early life environmental stimuli. However, we agree with Reviewer 1 that
this approach precludes us from detecting possible fluctuations of MMc at various stages of
neurodevelopment. From our perspective, such focus on distinct time points during neurode-
velopment is highly relevant when assessing the impact of prenatal adverse events, which may
occur at certain days of fetal development, interfere with neurodevelopment and also affect
MMc phenotype and function. The integration of adverse events into the experimental setting
of our present study would have been beyond its scope, as it was our aim to primarily identify
the yet unknown physiological role of MMc. However, we anticipate that our study will now
foster the analysis of adverse events on MMc at various gestational time points in future stud-
ies. We have revised the discussion as follows to highlight the need for such approach:




‘The experimental approach we here chose was primarily geared towards the identification of the yet unknown
physiological role of MMc on fetal brain development and later function. However, our focus on E18.5, the time
point during fetal development closest to birth, precludes us from detecting possible fluctuations of MMc in fetal
brain at various stages of neurodevelopment throughout gestation, once MMc transfer occurs upon completion of
placentation. Based on the insights presented here on the relevance of MMc for offspring’s neurodevelopment and
behavior, a focus on distinct time points during neurodevelopment will likely be highly relevant when assessing the
impact of prenatal adverse events. These events can occur at certain days of fetal development, are well known to
interfere with neurodevelopment and hence, likely also interfere with MMc phenotype and function®837’

Part Il (No difference in MMc content in males vs. females). We agree with the reviewer that
fetal brain development shows a high degree of sexual dimorphism, which is especially obvi-
ous in the context of adverse prenatal events. When identifying the number of MMc in brain in
pregnancies unchallenged by adverse events, we did not observe significant differences be-
tween male and female fetuses in wild type mice. These observations suggest that the vertical
transfer of MMc is not affected by the sexual dimorphism on the placental level.

When aiming to assess the consequences of MMc reduction in mice, we used offspring from
immunodeficient Rag2”"yc™~ C57BL/6 females, which had been mated to wild-type Balb/c
males. Due to their immunodeficiency, these Rag2”yc”~ C57BL/6 females are only capable
of transferring a very limited number of immune cells to their fetuses, which we could confirm
by the low number of MMc in fetal brain. Therefore, we termed these offspring (which genotype
is Rag2*~yc*") as MMc°". Vice versa, mating wildtype C57BL/6 females to Rag2-/-yc-/ Balb/c
males also yields to offspring with a Rag2*~yc*~ genotype, but the female are fully immuno-
competent and hence, transfer physiological levels of MMc to the fetal brain. We termed these
offspring MMc™ (see also Fig. 2 a,b). However, the yc gene is encoded by the X-chromosome
and hence, male offspring born to Rag2”"yc™~ females are yc deficient, while male offspring
born to wild-type females (termed MMc+) carry one copy of the yc gene. To control for this
hemizygosity, we exclusively included female offspring in the respective experiments, which
precludes us from the identification of a possible sexual dimorphisms this this MMc reduction
model. To cover this aspect in the revised manuscript, we revised the text as follows:

In Results

‘Noteworthy, since the yc gene is encoded by the X-chromosome, male offspring born to Rag2”IL-2ryc”- females
are yc deficient, while male offspring born to wild-type females carry one copy of the yc gene. To control for this
hemizygosity, only female offspring were included in the respective experiments.’

In Discussion

‘Fetal brain development shows a high degree of sexual dimorphism, which is especially obvious in the context of
adverse prenatal events®: 39, Surprisingly, when identifying the number of MMc in brain in pregnancies unchal-
lenged by adverse events, we did not observe significant differences between male and female fetuses in wild type
mice, which suggests that the vertical transfer of MMc is not affected by the sexual dimorphism at the placental
level. Due to hemizygosity of the yc gene in male MMc'°* offspring, we excluded all male offspring from the assess-
ments in the MMcP°/MMc'*" model. Future investigations will assess the possible sex-specific MMc effects in the
MMc reduction model.’

Part Ill (MMc decrease with increasing offspring age). Similar to reports in other organs, we
observed a decrease of MMc with increasing age, whilst MMc were still detectable at low num-
bers in offspring’s brain at P60. In our present study, we did not aim to identify the mechanisms
underlying the MMc decline over time. Clearly, the reviewer suggests pivotal pathways that
may explain the observed MMc decline with increasing age, e.g., no potential for self-renewal,
or elimination due to the absence of growth factors in the microenvironment of the offspring’s
brain. We have amended the discussion to cover these possibilities, as outlined below. Addi-
tionally, the reviewer queries whether we performed scRNA-Seq on MMc isolated on P60. We
solely performed this elaborate (and costly) analyses in order to assess MMc on E18 (as shown
in Fig. 1e, g). We agree with the reviewer that it would certainly be desirable to survey the
gene expression in brain MMc throughout life. However, due to the significant decline in MMc
numbers, this approach will likely have to wait until technology allows to isolate and assess
cells at extremely low numbers at reasonable costs. Therefore, we prioritized to subject MMc
isolated on P60 to flow cytometry-based analysis first, as this allowed us to evaluate overall



numbers along with MMc phenotypes. To address this point in the revised manuscript, we
have revised the results and discussion section as follows:

In Discussion:

‘Similar to reports in other organs'”*?, we observed a decrease of MMc with increasing age, whereby MMc were
still detectable at low numbers in offspring’s brain at P60. To date, insights on pathways supporting such longevity
of MMc — including organ-specific longevity of MMc — as well as the mechanisms leading to the decline of MMc with
increasing offspring’s age are still mostly unknown. Possible pathways that may explain the observed MMc decline
over time may include a limited potential for self-renewal, or the death of MMc due to cellular exhaustion or absence
of growth factors in the organ-specific microenvironment, e.g. the offspring’s brain. Remarkably, MMc longevity may
also be explained by the different MMc phenotypes that can be detected in offspring’s fetal and adult organs. E.g.,
in mice, a large number of MMc in bone marrow are T cells'?, whereas we here show that the largest MMc popula-
tion in the brain are microglia. These observations suggest either a preferential recruitment of these MMc subsets
to the different fetal organs, or a disparate differentiation of progenitor-like MMc, dependent of the tissue microen-
vironment in which they seeded.’

‘Another limitation is the monitoring of MMc by scRNA-seq solely on E18.5. Clearly, it would have been desirable
to survey the gene expression in brain MMc throughout life. However, technologies enabling to isolate and assess
cells at extremely low numbers at reasonable costs are still missing.’

#2. The authors state that MMc can be found in different organs. Is there any information
available about their lifespan in these organs? Or does the brain support a different lifespan of
MMc?

Authors’ response: Based on the issue raised here, we felt that we needed to amend the
introduction by some state-of-the art details and have revised the manuscripts as follows:

In Introduction

‘The transfer of MMc commences with maturing placentation, hence, with the onset of the second trimester in
humans and around mid-gestation in mice®. . Remarkably, MMc are not rejected by the fetal immune system'. In
fact, the genetically discordant MMc can even show a long-term persistence in offspring’s organs until adulthood '
16, During fetal development, MMc seed into a number of fetal organs, including primary and secondary immune
organs as well as non-immune organs'”'®. MMc have also been detected in the offspring’s brain®'9, yet their phe-
notype, location and impact on brain-resident immune and non-immune cells in the fetus and brain function is still
unknown.’

Furthermore, the reviewer’s query pertaining to the lifespan of MMc in various organs, or pos-
sible differential organ (brain)-specific support of MMc lifespans, are in line with Part Ill of point
#1, which is why we had included the details here marked in bold in the newly inserted text in
the revised discussion. We apologize for the lengthy repeat of these amendments, but feel that
this is needed for clarity.

From #1, Part Ill ‘To date, insights on pathways supporting such longevity of MMc — including organ-specific
longevity of MMc — as well as the mechanisms leading to the decline of MMc with increasing offspring’s age are
still mostly unknown. Possible pathways that may explain the observed MMc decline over time may include a limited
potential for self-renewal, or the death of MMc due to cellular exhaustion or absence of growth factors in the organ-
specific microenvironment, e.g. the offspring’s brain. Remarkable, MMc longevity may also be explained by
the different MMc phenotypes that can be detected in offspring’s fetal and adult organs. E.g., in mice, a
large number of MMc in bone marrow are T cells'?, whereas we here show that the largest MMc population
in the brain are microglia. These observations suggest either a preferential recruitment of these MMc sub-
sets to the different fetal organs, or a disparate differentiation of progenitor-like MMc, dependent of the
tissue microenvironment in which they seeded. This may subsequently also affect the lifespan of MMc in
the different offspring’s organs.’

#3. Pregnancy can be divided into three phases: 1. Implantation (inflammation), gestation (anti-
inflammation), and parturition (inflammation). Since E18.5 is very close to the onset of parturi-
tion, is inflammation, lack of pregnancy hormones, or infection expected to impact the
transport, and the content and/or function of MMc?

Authors’ response: The reviewer raises an important point, and we seem to have neglected
to address this aspect appropriately in our original submission. We now amended the discus-
sion as follows in order to highlight the importance of the immune trajectory during pregnancy:



‘The course of pregnancy can be divided into immunologically distinct stages, including a brief inflammatory surge
around the time of blastocysts implantation, followed by the long gestational period of anti-inflammation and immune
tolerance to ensure that the fetus is not rejected. Parturition is then initiated by progesterone withdrawal and inflam-
mation%®. Especially the inflammatory period related to the onset of parturition may affect the transfer of MMc from
mother to fetus. Moreover, adverse events occurring during the period of anti-inflammation during pregnancy in
mice and humans, e.g., infection or related proxy, as well as trauma, skew maternal cells towards a pro-inflamma-
tory phenotype. This has been shown to enhance the transfer rate of MMc from mother to fetus56-5° and may pos-
sibly alter the function of MMc in various fetal organs. The here presorted data on the functional role of MMc during
normally progressing pregnancies will enable to address the inflammation-induced alterations of MMc upon adverse
prenatal events and the related consequences for offspring’s brain and other offspring’s organ development and
function.’

#4. The authors have focused a lot on brain homeostasis and dismantling of synaptic connec-
tions. What does exactly brain homeostasis mean? In Fig. 2 and related Extended Figures,
the authors have invoked DNA methylation mechanisms, fetal T and B cell distribution, and
transcriptome choreography. It is suggested that genes such as Rab-7b were down-regulated
in microglia of MMc low offspring. Are there scenarios where the brain is mainly populated with
MMc low? Does this result in brain disorders? Is transcriptome profile different in Wt male vs.
Wt female?

Author’s response: We feel that the description of our findings may have not been compre-
hensive, otherwise Reviewer 1 would likely not have asked if there are scenarios where the
brain is populated with low numbers of MMc or whether we detected sex-specific effects. As
shown in Figure 2 and following, we had integrated a model of low MMc in our experimental
design. In order to increase comprehension of our data, we have now inserted a new subhead-
ing in order to introduce this model of low MMc first, before we describe our findings in fetal
brain using this model. This new section reads as follows:

‘Mouse model of experimental reduction of MMc in fetal brain

‘..., we used a mouse model in which MMc in offspring’s brain were experimentally reduced in order to gain insights
into the functional role of MMc in the offspring’s brain. This reduction of MMc was achieved by reciprocal mating of
Rag2”IL-2ryc’- female or male mice with wild type (wt) mice. Rag2”IL-2ryc’- mice are immunodeficient and lack T,
B and — to a lesser extent — innate lymphoid cells®°. The offspring of these reciprocal mating combinations all
expressed a Rag2*IL-2ryc*- genotype (Fig. 2a). Noteworthy, since the yc gene is encoded by the X-chromosome,
male offspring born to Rag2-IL-2ryc”- females are yc deficient, while male offspring born to wild-type females carry
one copy of the yc gene. To control for this hemizygosity, only female offspring were included in the respective
experiments.’

‘..., we analyzed MMc numbers in offspring’s brain at E18.5 and P8. Offspring born to Rag2”IL-2ryc”- dams har-
bored significantly fewer MMc in the brain and were termed ‘MMc'®"’, compared to offspring from wt dams (termed
‘MMcPes’) (Fig. 2b-d).’

In fact, in the MMc low offspring, genes suppressing inflammation, e.g., Rab-7b, were down-
regulated in microglia, which is mentioned later in the results section as flows:

In Results:

‘Here, genes suppressing inflammation, such as ras-related protein (Rab-7b), responsible for suppressing tumor
necrosis factor (Tnf), interleukin-6 (/l-6), and interferon B (Inf-B) production in macrophages®! were down-regulated
in microglia from MMc'" offspring (Fig. 2h).’

As for possible sex-specific effects, we wish to highlight again that these are not WT offspring,
but Rag2*~ IL-2ryc*~ offspring. Hence, we could only focus on female offspring (kindly see our
reply to #1, part Il).

#5. Figures 2 and 3 describe a solid experimental plan to rule out the contribution of immune
cells in MMc-mediated brain development. The authors used allogeneic mating protocol in-
volving Wt C57BL/6 female and Rag2IL-2 ryc deficient male mice. In another mating, they
reversed the mating partners and analyzed the MMc content. They identified two types of ne-
onates — MMcPos and MMc low. What dictates this very distinguished difference? Why some
offspring become MMclow? Do MMclow offspring entail poor brain homeostasis? In Fig. 3, the
authors employ ultrasonic vocalization as one of the tools to differentiate between MMcPos
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and MMclow offspring. Although the authors claim significant differences, the data may not
support this claim strongly. Yes, there are clear-cut differences in discrimination profiles; the
number MMclow offspring used in the experiments is lower. A careful look at the ultrasonic
vocalization suggest that MMc low offspring experience the same vocalization as that de-
scribed autistic children, particularly male offspring. Do authors have any comment on this?

Author’s response: We also subdivided our response to this point into two parts and first
address the query related to MMcP°$/MMc'* animal model.

Part | (Animal model): This comment also indicates that the description of our experimental
approach, especially the MMc"°” vs MMc* model has been too superficial and may leave the
reader confused. As outlined above under #4, we have significantly amended the description
of our experimental design. Here, we now explain in greater detail why some offspring become
MMc'°¥. This facilitates comprehension of the distinguished differences between the Rag2*~
IL-2ryc*'~ offspring, which have either been born from Rag2*"* IL-2ryc** (termed MMc'°¥) or wt
mothers (termed MMc*). In fact, the comparison between MMc°" and MMc* allowed us to
identify the hyperactivation and altered function of fetal microglia in MMc"°" offspring, resulting
in enhanced disruption of brain homeostasis, and dismantling of synaptic connections by phag-
ocytosis of presynaptic vesicles. In the context of the present revision, we carefully went over
the description of our specific findings in order to ensure rapid comprehension. We refrain from
copying the entire section in this reply and kindly refer to the results section of the revised
manuscript with the subheading ‘MMc maintain fetal microglia homeostasis and suppress ex-
cessive presynaptic elimination’.

Part 1l (Ultrasonic vocalization): Here, Reviewer 1 suggests that our data may not support
strong differences. The reviewer correctly noted that the overall number of MMc"" pups is
lower compared to the number of MMc* pups that were available for the vocalization analysis
(8 vs 11). Irrespective of these differences in group size, we observed significant differences
with regard to the quality of the vocalizations between groups. As shown in Fig. 4b, simple
calls were lower in the MMc'°¥ offspring, whilst the frequency jumps and the complex calls are
higher.

Furthermore, we were very intrigued about the cross-reference made by the reviewer with
regard to the similarities between MMCc"Y offspring and autistic children, in which higher fun-
damental frequencies were noted (Esposito and Venuti, 2010) — similar to the cries we rec-
orded in the MMc" pups. In order to convey the importance of our observations in mice more
clearly, along with the intriguing link to autism in humans, we amended the manuscript as
follows:

In Results:

‘We observed significant differences with regard to the quality of the vocalizations between groups, as the length of
simple calls was lower in the MMc'°* offspring, whereas the frequency jumps and the complex calls lasted longer
(Fig. 4a-b, Extended Data Fig. 10a-c). These behavioral features might indicate emotional distress and disruption
of social communication between mother and MMc'®¥ pups. Intriguingly, a similar cry pattern has been observed in
autistic children3.’

#6. Adoptive transfer of MMc in MMclow offspring seems to restore microglial engulfment (?).
How many MMc needed to be transferred? Is there a kinetic threshold of adoptive transfer?
What happens to the offspring at P60 after adoptive transfer?

Author’s response: We adoptively transferred 1 x 107 immune cells into the immunodeficient
Rag2”IL-2ryc’- pregnant mice on E12.5. The cell suspension used for the transfer has been
obtained by harvesting leukocytes from blood, lymph nodes and spleen of pregnant wild-type
mice. The phenotypic assessment of the isolated cells revealed a frequency of approx. 60%
B, 30% T, and 10% myeloid cells, as well as low frequencies of NK cells, macrophages, lym-
phoid, and plasmacytoid dendritic cells, as depicted in Extended Data Fig. 11c. Noteworthy,
1 x 107 immune cells is the maximum cell number allowed by our institutional ethical guidelines
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to be injected, as higher numbers may cause thromboembolism. Since this number was just
sufficient to restore the MMc in fetal brain to the levels seen in MMc" offspring, we refrained
from tested fewer cells or evaluating kinetic thresholds.

We did not include the day P60 in our experimental design, as our observations in wild type
mice had informed us that MMc in brain have significantly waned at this offspring’s age. There-
fore, the experimental burden of the intervention for the mice would not have been justified by
the outcome, as this would have likely confirmed MMc numbers close to detection limit.

In order to convey the findings in the MMc"*AT offspring born from the Rag2”IL-2ryc” preg-
nant mice upon adoptive transfer, we reworded this section in the results section as follows:

‘In the MMCc'%*AT offspring, AT restored the absolute number of MMc in fetal and neonatal brain (Fig. 5b-d) and
MMc subset populations on E18 and P8 were similarly distributed as observed in MMcP°s offspring (Extended Data
Fig. 11d-e). Moreover, the number of fetal and neonatal microglia was restored in MMc'®¥*AT offspring to the fre-
quencies observed in MMcPs offspring (Fig. 5e-f). Similarly, in the MMc'*"*AT offspring, the enhanced presynaptic
terminal elimination detected in MMc'*" offspring was restored to levels comparable to those seen in in MMcP°s
offspring (Fig. 5g-h).’

Minor comments:
#1. On line 118, it should be Fig. 2b-c not Fig. 3b-c. Also, on the same page line 132, it should
be “to a lesser extent”.

Author’s response: We corrected the text accordingly.

#2. Although the authors discuss why fetal microglia increase when MMc are low, it is not
entirely clear why MMc become low and affect only microglia. Otherwise, Discussion is well
written.

Author’s response: In our response to point #4, we have explained why MMc become low in
the experimental model we developed and revised the manuscript accordingly. Here, the re-
viewer additionally queries why only microglia are affected by the decrease of MMc. We re-
spectfully disagree with the statement reducing our findings to ‘only’ microglia changes. Be-
sides the overall behavioral changes we observed, we also screened for additional changes
of fetal brain immune cells and observed reduced numbers of T and B cells in fetal brain (Ex-
tended Data Fig. 6h-f). Given the importance of microglia, we focused on the consequences
of the altered fetal microglia number, phenotype and function, e.g. in their interaction with neu-
rons. Admittedly, we did not follow up on the consequences related to the decrease of T and
B cells. In order to address the reviewer’s point, we included this now in the discussion as
follows:

‘Given the importance of microglia for brain wiring, the present study focuses on the identification and functional
consequences of the altered fetal microglia number seen in offspring with reduced or restored MMc. The observed
decrease of T and B cells in brain of fetal MMc'®" offspring will be subject of future investigations, especially taking
into account the functional role of T cells in autoimmune diseases affecting the brain.’



‘ Reviewer #2

Reviewer #2 (Remarks to the Author):

This is a very interesting manuscript designed to determine the impact of maternal microchi-
meric (MMc) cells in fetal mouse brain on synaptic development, circuit function, and behavior.
The authors report a significant number of the MMc within the fetal brain are microglia with
high expression of homeostatic genes, and that these cells primarily localize to the PFC and
HP. In the absence (or reduction) of MMc, there are more microglia in the fetal brain and they
engulf more presynaptic markers. Moreover, offspring exhibit altered communication and cog-
nitive behaviors and changes in network activity. Finally, adoptive transfer of leukocytes back
to immunodeficient dams largely rescues these phenotypes. Overall, there is a large amount
of compelling data and the rigor and importance of the work seems high. There are some
concerns, which are outlined here.

Author’s response to general comment: We are pleased to learn that the reviewer generally
appreciates our work and describes our data as compelling.

#1. Fig. 1 — panel fis confusing. It looks like according to the color-coded dots for different cell
types that endothelial cells also express high levels of the canonical microglial markers Cx3cr1,
P2yr12, and Sparc? Similarly, for panel h, it says the heatmap of gene expression is based on
genes that were more than 50% higher in MMc compared to fetal microglia, but the heatmap
also shows genes with decreased fold change? Finally, for panel g, these gene categories are
subjective and context-dependent. The genes included in each category should be provided
rather than assigning them to categories absent a functional readout. For instance, tmem119
is often considered a “homeostatic”’ gene in microglia but its expression is not particularly high
in the microglia clusters in panel f.

Authors’ response: We have to apologize for an oversight that has resulted into the wrong
insertion of genes in the graph shown in Fig. 1f, which has been noticed by the reviewer (and
unfortunately not by us prior to submission!). The faulty graph indicated the expression of
genes (Cx3cr1, P2yr12, Sparc, Tmem119), which are not regularly expressed in the non-mi-
croglia cells we evaluated (T, B, endothelial, and neuron-like cells). Our systems biologists
repeated the analysis pipeline, which resulted in the corrected and now inserted graph 1f, in
which Cx3cr1, P2yr12, Sparc and Tmem119 are no longer upregulated in the non-microglia
cells.

Next, the reviewer commented that the gene categories we had used in graph 1g are based
on subjective and context-dependent criteria. We agree with the reviewer that such categori-
zation of genes underlies a certain degree of subjectivity. On the other hand, such categoriza-
tion is a common approach used in many scientific publications in order to facilitate compre-
hension of the complex findings resulting from scRNA-Seq. However, since it was our primary
intention to characterize MMc on a cellular and molecular level - as shown in Fig. le-f, Ex-
tended Data 2a-b - we decided to omit the somewhat redundant graph 1g (and related graph
1h), in which we had introduced the gene categories.

#2. Fig. 2 - Determination of cell number using flow cytometry is not very reliable. There are
too many variables regarding cell loss with the isolation and method of gating. Quantitative
claims should be shown in the intact brain using IHC or similar.

Authors’ response: It appears that two schools of thought may be colliding here, whereas
the reviewer seems to favor immunohistological (IHC)/in situ approaches, and our approach is
largely based on flow cytometry. Therefore, we respectfully disagree with Reviewer 2’s state-
ment that determination of cell number is not very reliable when using flow cytometry as a
quantitative approach. To justify and strengthen our approach, we wish to summarize the ex-
perimental methods we implemented in order to exclude technical limitations related to flow
cytometry, e.g., the loss of cells when isolating and gating brain cell, as mentioned by the
reviewer. First, we transcardially perfused the mice prior to sacrificing in order to exclude that
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cells isolated from brain are contaminated by cells from the peripheral vasculature supplying
the brain. The risk of cell loss when isolating cells from the brain was reduced by our estab-
lished flow cytometry protocol, which includes i) careful handling of cell pellets when washing
the cells, ii) no enzymatic digestion of the brain tissue, as this would have affected cell numbers
and surface marker expression. In fact, our protocol allows to isolated brain cell by careful
manual homogenizing of the organ through a cell mesh. Taken together, this protocol is well-
established and widely used internationally and has resulted in important insights on microglia
function and development (Hammond et al.,, 2019; Kim et al.,, 2021; Marsh et al., 2022;
Matcovitch-Natan et al., 2016). Similarly, the method of gating we (and many others) chose to
identify distinct cell subsets in the cell suspensions isolated from the brain is unambiguous due
to the well-balanced number of antibodies and conjugated fluorochromes (Filipello et al., 2018;
Hammond et al., 2019; Masuda et al., 2019). Our protocol also ensures that the gated cells
are indeed the cells of interest by including the so-called FMO control (fluorescence minus
one), in which we sequentially omit one fluorochrome-conjugated antibody from the complete
antibody panel in order to create a negative control for this specific marker. The high quality of
our experimental approach with regard to cell isolation and gating is also reflected by the sim-
ilar number of parent populations we detected in the respective experimental groups. This
quantification step underpins that analysis within a similar parent population yields to sound
cellular data in the brain. Second, the quantification of MMc in fetal brain requires the detection
of four cell surface markers alone (CD45.2*, CD45.1m9, H-2D"® * H-2D%° n¢9), plus additional
markers to identify the phenotype of MMc. Here, we additionally included CD11b for the iden-
tification of microglia, CD3 for T cells, B220 for B cells and others. In total, 14 markers are
needed to unambiguously quantify MMc in fetal brain. Therefore, a histological approach using
14 cells surface markers (antibodies) simultaneously would have been associated with signif-
icant technical limitations. Nonetheless, the reviewer is certainly correct in favoring IHC-based
approaches, as is enables to localize cells in situ. This was also our goal in the context of MMc
detection in the fetal brain, which is why we had included the mouse model in which tdTomato*"
females mated to wild-type males were used and order to generate litter with 50% of
tdTomato*~ and 50% of tdTomato™ offspring. The tdTomato™ offspring then enable localization
of tdTomato-positive cells in the brain, which can only be maternally derived and hence, MMc.
These data are shown in Suppl. Fig. 1f and — following the CUBIC clearing of fetal brain - in
Movie 1.

We hope that our explanations have convinced Reviewer 2 that the determination of cell num-
ber using flow cytometry in our manuscript was sound and has yielded to reliable data.

#3. Why was Vglut1 assessed for pruning by microglia? These label short-range projections
(e.g. intra-cortical) at P8, in contrast to Vglut2, which labels long-range projections. It is sur-
prising given the claim that these synaptic changes underlie the circuit deficits in the mice, as
the relevant long-range projection synapses were not assessed. It is therefore less convincing
that these synaptic changes are linked to the network activity changes reported.

Authors’ response: We agree with the reviewer that the assessment of microglia pruning
solely based on Vglut1 expression had its limitation, as the Vglut1 staining only labels short-
rage projection. In the context of the revision, we performed additional experiments and now
included data showing the Vglut2-based long-range projections. Here, similar to Vglut1, we
also observed a higher Vglut2 engulfment by microglia from MMc®* compared to MMcP®s off-
spring. However, opposed to the observations with regard to Vglut1, this increase did not reach
levels of significance for Vglut2 (P = 0.07).

We amended the results section of the revised manuscript as follows:

‘In order to provide evidence for this notion, we investigated microglia engulfment of synaptic terminals in the pre-
limbic subdivision (PL) of PFC and HP, since these areas are the core of neuronal networks accounting for complex
cognitive abilities, such as memory, learning, and flexibility3*. The engulfment of terminals from short-range projec-
tions stained by Vglut1* and from long-range projections stained by Vglut2* augmented in MMc'°¥ offspring ex vivo,
yet the increase reached significance level only for Vglut1* (Fig. 2i-k, Extended Data Fig. 7a-n).’



In Methods/Imaging and image analysis:

‘For Iba-1, Vglut1, and Vglut2 positive cell expression, microscopic stacks were acquired as 1024x1024 pixels im-
ages with 750nm Z-steps capturing 8 microglial cells within the mPFC and CA1 region of the HP, using a 63X
objective.’

In Methods/Immunohistochemistry:

‘Subsequently, slices were processed by incubating them overnight at 4°C with anti-lba-1 (1:500, Wako Pure Chem-
ical, Cat. No. 019-19741), anti-Vglut1 (1:1000, Millipore, Cat. No. AB5905), and anit-Vglut2 (1:500, Synaptic Sys-
tems, Cat. No. 135404), followed by 1 h incubation with goat-anti-guinea pig (1:500, AF488, Invitrogen, Cat. No. A-
11073), donkey-anti-rabbit (1:500, AF568, Invitrogen, Cat. No. A-10042) secondary antibodies and Hoechst33258
(1:5000, Sigma, Cat. No. 94403).’

#4. For fig 3d and f, it actually appears that the controls (MMcpos) mice show no discrimination
as they are roughly at chance, whereas the MMclow do, and avoid the novel object. This is not
a cognitive deficit but perhaps novelty avoidance. In any case, they show better discrimination
if | am interpreting this correctly. More concerning is the fact that the control group does not
show normal discrimination so the data are difficult to interpret.

Authors’ response: We agree with the reviewer that the behavioral performance of the control
offspring (MMcP®®) is roughly at chance, whereas the behavioral performance of the MMc™"
offspring is well below the threshold. We have made similar observations in previous studies,
where the control animals also did not all perform above chance (Chini et al., 2020), whilst
overall better compared to the data presented here. The poor behavioral performance ob-
served in our present study may be explained by the heterozygous genetic background of the
MMcP°s and MMc™" offspring. These offspring resulted from the allogenic mating combination
of two different mouse strains, C57BL/6 females and Balb/c males, hence have a mixed strain
background. Published evidence showed that Balb/c and C57BL/6 mice perform differently in
behavioral experiments, for instance Balb/c mice are more anxious and less explorative
(Depino and Gross, 2007; Garcia and Esquivel, 2018). In addition to the mixed
C57BL/6xBalb/c strain background of the MMcP*s and MMc"" offspring, these offspring are
also all heterozygous for the Rag2/IL-2ryc genes. It was reported that the genetic manipulation
of IL-2ryc also results in impaired behavioral competence (Petitto et al., 1999), which may
further explain the overall poor performance we observed. We here directly compare offspring
that are all of mixed strain background and heterozygous for the Rag2/IL-2ryc genes and thus
feel, that the significant reduction of behavioral performance in MMc"" compared to MMcP°s
animals is a valid observation. Clearly, the option to extrapolate or compare the overall perfor-
mance we observe in our unique experimental setting to other studies where e.g., pure strains
without transgenic manipulation were used, is very limited. To highlight this aspect in the re-
vised manuscript, we specified the text as follows:

In Discussion:

‘Of note, the performance of pre-juvenile MMcP°s offspring in recognition memory tasks was often below chance
level. This may be explained by the mixed strain background of the MMcP°s/MMc°¥ offspring, which resulted from
the allogenic mating combination of C57BL/6 females and Balb/c males. In fact, Balb/c mice have been shown to
be more anxious and less explorative®%!. Additionally, the MMcP°s and MMc'" offspring are also heterozygous for
the Rag2/IL-2ryc genes. The genetic manipulation of /L-2ryc may result in an impaired behavioral competence®2.
However, these deficits of individual groups do not bias the robust differences observed between MMc"°* and
MMcPes animals, since they all shared mixed strain background and are heterozygous for the Rag2/IL-2ryc genes.’

#5. The authors make no comment on the mechanism by which immune cell deficiency in
dams impacts microglial number and/or function. Are there changes in the yolk sac progenitors
or only changes once they arrive into the CNS?

Authors’ response: In order to address this question, we performed additional experiments
in which we isolated the individual yolk sacs from female MMcP°¢ and MMc°" offspring and
subsequently quantified the leukocytes, erythromyeloid progenitor cells (EMPs) and pre-mac-
rophages at E9.5 by means of flow cytometry. Since the total number of EMP (A) and pre-



macrophages (B) is very low, differences between groups of offspring do not seem to be reli-
able. However, the reviewer raised an intriguing notion, which we would like to convey to a
future readership. We therefore amended the discussion as follows:

‘Tissue-resident macrophages like microglia in brain originate from

1.0 § B erythromyeloid progenitors (EMP), which develop in the yolk sac,
= 0.8 E o then migrate and seed into the fetal liver and subsequently colonize
'g Esqj oo embryonic organs as EMP-derived macrophages. In the brain,
£ 0.6 8 oo these progenitors complete their differentiation into microglia, which
E < 4 oo are self-renewing throughout life and are only minimally replenished
947 g— amp O O by circuiting macrophages*3#4. In our study, the number of progen-
Biood 824 0 0 coo itor cells did not differ in yolk sac of MMcP°s and MMc'*¥ offspring at

E o @im E9.5 (Extended Data Fig. 12a-b). However, since the overall num-
o.0-—emm—amp— o o-———amp—  Dber of such progenitor cells was extremely low, the biological signif-
MMc”°* MMc®* MMcP* MMc ™™

icance of these observations may be limited. Future studies should
aim at in-depth investigations of the microglia progenitor cells and
their development in presence and absence of MMc infiltration in order to determine their potential interaction al-
ready in the yolk sac.’

#6. Why were cognitive behaviors tested at P19-24 in offspring? This is interesting because it
is the time in which the hippocampal circuitry is just maturing, and any delay or alteration in
this maturation could impact the behavioral phenotype. Do the behavioral phenotypes persist
into the later life or are they transient to just this time window?

Authors’ response: The reviewer raises an important question. The cognitive behavior has
been tested at the time point when the abilities emerge. For this age, we developed the opti-
mally fitting experimental paradigms and acquired a large data set for mice and rats (Chini et
al., 2020; Kruger et al., 2012; Xu et al., 2021). The relationship between maturational dynamics
and cognitive behavior is of high interest. Studies in rodents showed that specific developmen-
tal time windows are of particular relevance for adult behavioral performance. For example,
we previously identified the beginning of the second postnatal week as critical for cognitive
abilities of adults, since manipulation of neuronal activity at this neonatal age caused memory
deficits later in life (Bitzenhofer et al., 2021). On the other hand, environmental triggers or
activity manipulation may cause deficits that reverse along postnatal life, become milder in
their characteristics or even entirely disappear. For instance, individuals with autism spectrum
disorder have been closely studied for their autistic traits in several longitudinal and retrospec-
tive studies (Billstedt et al., 2005; Eaves and Ho, 2008; Farley et al., 2009; Helles et al., 2015;
Lord et al., 2015; Magiati et al., 2014; Seltzer et al., 2004), showing clear improvements in
cognitive and behavioral symptoms over time. The experiments necessary to properly address
question #6 are complex and exceed the framework of this already very dense study. They will
be the core of a future investigation focusing on the long-term effects. In the present manu-
script, we addressed the reviewer’s concern b specifying:

In Discussion:

‘In the present study, we focused on the emergence of cognitive abilities along neonatal and pre-juvenile develop-
ment and did not extend the investigation of behavioral phenotype until adult age. The long-term effects of reduced
number of MMc might be either milder and (partially) compensated or persistent, leading to life-long deficits. We
recently identified critical time windows of cognitive development during which transient manipulation of electrical
activity causes permanent reduction of network function and behavioral performance in memory tasks%. Similar
processes may occur also in MMc'** mice. The number of retained MMc declines with age, although low numbers
are still detectable in mature offspring.’
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Reviewer #3

Reviewer #3 (Remarks to the Author):

The manuscript entitled "Pregnancy-induced maternal microchimerism shapes neurodevelop-
ment and behavior" by Schepanski et al. described that subsets of maternal cells termed ma-
ternal microchimeric cells (MMc) contribute to fetal brain development by repressing fetal mi-
croglia cells and preventing excess synaptic pruning. Moreover, the authors observed that
MMc ensured the establishment of the prefrontal-hippocampal circuit and normal learning and
memory behaviors in offspring. The observation is interesting and may significantly impact the
understanding of brain development. However, there are some unignorable concerns about
their data and interpretation.

Major points:
#1. It is unclear why the authors ran mouse behavioral assay using only neonatal or (pre-)

juvenile mice. The authors reasoned that MMc were not detected beyond P60. But if MMc
played significant roles during early brain development, the behavioral alteration should sus-
tain. How are the behavioral phenotypes in fully matured animals?

Authors’ response: As specified to query #6 of Reviewer #2, the impact of MMc on cognitive
performance along the entire development is a highly important aspect, yet the in-depth ex-
perimental investigation exceeds the framework and main aims of the present study. The cog-
nitive behavior has been tested at the time point when the abilities emerge. For this age, we
developed the optimally fitting experimental paradigms and acquired a large data set for mice
and rats (Chini et al., 2020; Kruger et al., 2012; Xu et al., 2021). The relationship between
maturational dynamics and cognitive behavior is of high interest. Studies in rodents showed
that specific developmental time windows are of particular relevance for adult behavioral per-
formance. For example, we previously identified the beginning of the second postnatal week
as critical for cognitive abilities of adults, since manipulation of neuronal activity at this neonatal
age caused memory deficits later in life (Bitzenhofer et al., 2021). On the other hand, environ-
mental triggers or activity manipulation may cause deficits that reverse along postnatal life,
become milder in their characteristics or even entirely disappear. Since most structural and
functional investigations focused on early and midterm development, we monitored the behav-
ioral corelates during similar time windows. Since neonatal mice, e.g. at P8, are not yet able
to perform complex tasks, we focused on basic behavioral experiments such as recording their
vocalizations upon separation from the mother to assess the short-term consequences of re-
duced numbers of MMc during fetal development. Here, we observed significant differences
with regard to the quality of the vocalizations between MMcP°s and MMc"°" offspring. The me-
dium-term consequences of reduced numbers of MMc during fetal development were as-
sessed at pre-juvenile age (between P19-24). At this age, more complex behavioral patterns
emerge. We observed significantly shorter interaction time and fewer interactions with novel
or less-recent objects in MMc" offspring. The number of retained MMc declines with age,
although low numbers are still detectable in mature offspring (P60). The experiments neces-
sary to uncover the long-term impact of MMc on adult cognitive behavior (long- and short-term
memory, attention, decision-making and working-memory) will be the core of a future study. In
the revised manuscript we specified the focus on short- and mid-term effects as follows:

‘Next, we tested whether the dysfunction of PFC-HP circuits in neonatal MMc'°¥ mice leads to behavioral deficits
already at this early developmental stage.’

‘Second, we monitored the emergence of cognitive abilities requiring prefrontal-hippocampal communication that
can be tested starting from the second-third postnatal week.’

‘In the present study, we focused on the emergence of cognitive abilities along neonatal and pre-juvenile develop-
ment and did not extend the investigation of behavioral phenotype until adult age. The long-term effects of reduced
number of MMc might be either milder and (partially) compensated or persistent, leading to life-long deficits. We
recently identified critical time windows of cognitive development during which transient manipulation of electrical
activity causes permanent reduction of network function and behavioral performance in memory tasks%. Similar
processes may occur also in MMc'® mice. The number of retained MMc declines with age, although low numbers
are still detectable in mature offspring.’
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#2. Gu's group showed that the mouse blood-brain barrier became functional at the embryonic
day (E) 15.5 (Nature 509, 507-511, 2014), suggesting that MMc migration occurred before.
Since fetal microglia cells also influenced the differentiation, proliferation, and migration of
neural progenitor cells (NPCs) and newly differentiated neurons, why do the authors think that
microglial defect is just synaptic pruning in MMc low mice that occurred much later? Do the
authors observe any alteration in NPCs and newly differentiated neurons during earlier fetal
brain development?

Authors’ response: We share the reviewer’s appreciation for the work by Gu’s group (Ben-
Zvi et al., 2014) on the functional establishment of the blood-brain barrier at the embryonic day
15.5 in mice. However, from our point of view, this functional establishment of the blood-brain
barrier does not necessarily exclude continuous MMc migration across the blood-brain barrier.
In fact, published evidence reveals that breast milk-derived MMc can be detected in the off-
spring’s brain (Aydin et al., 2018), supporting an MMc migration after blood-brain barrier es-
tablishment.

As stated by the reviewer, fetal microglia can influence a wealth of processes in the developing
brain, e.g. differentiation, proliferation, and migration of neural progenitor cells as well as the
refinement of synaptic connectivity. We here analyzed their influence on refining synaptic con-
nectivity and neuronal branching, because synaptic pruning is the result of a variety of neuronal
molecular interactions, such target recognition, as well as phagocytosis, and has been shown
to be an essential step in the cascade of impairing neurodevelopment (Faust et al., 2021;
Neniskyte and Gross, 2017). In the present study, we did not include assessments of different
neuronal types, specific receptor functions, and dendritic arborization earlier during fetal brain
development, as it was our primary focus to assess the effect of MMc of fetal microglia towards
the end of fetal development, when they could accumulate the longest. In addition, this allowed
for the investigation of the influence of MMc on fetal microglia almost entirely devoid of (early)
postnatal environmental stimuli, which have been shown to alter microglia function dramati-
cally (Hanamsagar and Bilbo, 2017). To convey our rationale more clearly, we have revised
the discussion as follows:

‘Since the fetal blood-brain barrier becomes functional during fetal development at E15.5%°, one may assume that
MMc migration into the fetal brain discontinues as of the milestone. Interestingly, published evidence reveals that
MMc derived from breast milk can also be detected in the offspring’s brain*', which strongly supports a continuous
MMc migration upon blood-brain barrier establishment.’

‘The microglia engulfment of pre-synaptic terminals was used as readout of diverse neuronal interactions that con-
trol the development of circuits.’

#3. MMc were detected in different brain regions, including the cerebellum. Why only MMc in
PFC and HP affect fetal microglia?

Authors’ response: As noticed by the reviewer, the initial screening assays let to the detection
of MMc in different brain regions, including the cerebellum. In the subsequent functional anal-
yses, we focused on the consequences of MMc in PFC and HP, since these areas are the core
of the limbic circuit accounting for cognitive behavior (learning, memory, flexibility). Corre-
spondingly, structural and function alterations of PFC-HP communication have been detected
as substrate of cognitive impairment in several neurological and neuropsychiatric disorders
(Bahner et al., 2015; Herweg et al., 2016; Milad et al., 2007; O'Neill et al., 2013; Spellman et
al., 2015). To mirror these aspects, we modified the text:

In Results:

‘In order to provide evidence for this notion, we investigated microglia engulfment of synaptic terminals in the pre-
limbic subdivision (PL) of PFC and HP, since these areas are the core of neuronal networks accounting for complex
cognitive abilities, such as memory, learning, and flexibility3*. The engulfment of terminals from short-range projec-
tions stained by Vglut1* and from long-range projections stained by Vglut2* augmented in MMc'°¥ offspring ex vivo,
yet the increase reached significance level only for Vglut1* (Fig. 2i-k, Extended Data Fig. 7a-n).’

In Discussion:
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‘In the present study, we were able to detect MMc in different brain regions, including the cerebellum. The in-depth
functional investigation focused only on MMc in PFC and HP due to the role of these areas for cognitive processing
in health and abnormal memory and cognitive flexibility in neurological and neuropsychiatric disorders*5-49.’

#4. |s there any mechanistic understanding of how MMc suppress fetal microglia?

Authors’ response: The reviewer raises a valid question about the interaction of MMc and
fetal microglia in the developing brain, as our results strongly support an MMc-dependent sup-
pression of fetal microglia activation and related synaptic pruning. . From our point of view, the
outcome of our scRNASeq analyses provides a number of pivotal hints to understand how the
interaction between MMc and fetal microglia may be operational. Here, we identified an upreg-
ulation of sensome genes in MMc, including Cd47, Selplg, Cd37 and Il-6ra, along with a down-
regulation of inflammatory genes (data are shown in Fig. 1). In fact, it has been shown that the
microglia sensome conveys neuroprotection and is involved in host defense (Hickman et al.,
2013). More specifically, CD47 protects synapses from excess microglia-mediated pruning
during development (Lehrman et al., 2018). This provide an explanation for the observation
we made in MMc"" offspring, where the reduction of MMc and hence, Cd47, was linked to an
increased microglia-dependent pruning. Another gene expressed by MMc, the //-6r, has similar
beneficial functions, as repopulation of the brain with microglia is dependent on IL-6r pathways
(Willis et al., 2020). Additionally, only a very low number of MMc expressed inflammatory
genes, which may skew the microenvironment in the fetal brain towards homeostatic balance.
Indeed, when MMc are low, we observed an upregulation of inflammatory genes in fetal mi-
croglia, e.g., Tnf-a, and Ifn-B, along with the downregulation of Rab-7b, which suppresses in-
flammation. In our present work, we did not provide causal proof to confirm each of these
possible pathways underlying the cross-talk between MMc and fetal microglia, as functional
evaluation of each pathway is likely ‘a paper in itself’. We see the strength of our findings on a
larger scale, as we identified a broad spectrum of possible pathways for interaction between
MMc and fetal microglia and possible also the entire microenvironment in the developing brain.
In order to emphasize on this more clearly, we now amended the discussion as follows:

‘Since our results strongly support an MMc-dependent suppression of fetal microglia activation and related synaptic
pruning, they raise the question of how MMc may interact with fetal microglia in the developing brain. The outcome
of our scRNA-Seq analyses provides pivotal hints towards understanding how the interaction between MMc and
fetal microglia is operational. We identified an upregulation of sensome genes in MMc, including Cd47, Selplg,
Cd37 and ll-6ra, along with a down-regulation of inflammatory genes. In fact, it has been shown that the microglia
sensome conveys neuroprotection and is involved in host defense?’. More specifically, CD47 protects synapses
from excess microglia-mediated pruning during development33. This provide an explanation for the observation we
made in MMc°¥ offspring, where the reduction of MMc and hence, Cd47, was linked to an increased microglia-
dependent pruning. Another gene expressed by MMc, the /-6, has similar beneficial functions, as repopulation of
the brain with microglia is dependent on IL-6r pathways®*. Additionally, only a very low number of MMc expressed
inflammatory genes, which may skew the microenvironment in the fetal brain towards homeostatic balance. Indeed,
when MMc are low, we observed an upregulation of inflammatory genes in fetal microglia, e.g., Tnf-a, and Ifn-(,
along with the downregulation of Rab-7b, which suppresses inflammation. Taken together, the data suggest a broad
spectrum of possible pathways for interaction between MMc and fetal microglia, and, very likely, the entire micro-
environment in the developing brain. Causal proof to confirm these pathways should develop from future studies
for which our present findings provide a solid rationale.’

#5. The authors defined that 5 clusters of MMc were microglia based on scRNA-seq. Does it
mean that pregnant female mice shaded microglia in blood circulation? Or are these cells mi-
croglia-like cells? Also, their expression profile suggested that microglia-specific marker such
as Tmem119 expression is low? How about Sall1 expression? Are these cells possibly border-
associated macrophages (BAMs) or perivascular macrophages? If so, how about the expres-
sion of Pf4 and Lyve1 that are markers for BAMs?

Authors’ response: We divided our response to this point into two parts.

Part 1: The suggestion made by the reviewer that pregnant females shaded microglia in blood
circulation is certainly intriguing. Our approach when assessing MMc in the fetal brain does
not provide insights on the origin or history of differentiation of the MMc prior to entering the
fetal brain. However, in a previous study, we focused on the role of MMc in fetal bone marrow,
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where we observed that a high frequency of MMc were T cells. Thus, it may be more likely that
maternal progenitor cells enter the fetal circulation and may then undergo further differentiation
once entered or recruited into distinct fetal organs. Although speculative, we have now in-
cluded this concept as follows in the revised discussion as follows:

‘Clearly, our assessment of MMc in the fetal brain does not provide insights on the origin or differentiation fate of
MMc prior to entering the fetal brain. We here observed that a large number of MMc in the fetal brain are microglia,
but also T and B cells were present. In a previous study, we focused on the role of MMc in fetal bone marrow and
could identify that the high frequency of MMc are T cells, whilst the frequency of microglia-like cells, e.g., macro-
phages, was low'"’

Part 2: Here, the required enquires about the low expression of microglia-specific marker, such
as Tmem119. As explained in our response to comment #1 from reviewer #2, we apologize
for the wrong insertion of genes in the graph shown in Fig. 1f. After re-analyses performed by
our systems biologists, we now confirm an elevated expression of Tmem119 in MMc microglia.
Moreover, the reviewer comments on the Sall1 expression, possible border-associated mac-
rophages (BAM), and perivascular macrophages among the pool of MMc. In order to address
this aspect, we performed additional analyses of the MMc. As now shown in Supplementary
Fig. 2b, all microglia clusters showed an elevated expression of Sall1, which supports the idea
of MMc expressing microglia check-point genes. Further, by these analyses we excluded that
MMc may be border-associated macrophages (BAMs) or perivascular macrophages, since
their expression of Pf4 and Lyve1 is low.

In order to provide these aspects, we amended the discussion as follows:

‘We excluded that the MMc microglia were border-associated or perivascular macrophages due to their low expres-
sion of platelet factor 4 (Pf4) and lymphatic vessel endothelial hyaluronan receptor 1 (Lyve1) (Extended Data Fig.
2b, Supplementary Table 2).’

Minor points:
#1. Although lightsheet microscope imaging did not look like it, the Extended Figure 1f imaging

looks like cells were in the tubular structure. Did the authors co-stain with a maker for the
vasculature (e.g., CD31) and ensure that MMc were outside the vasculature?

Author’s response: We thank the reviewer for the comment on Extended Figure 1f. As sug-
gested by the reviewer, one might recognize that the structure appearing in the center may be
vasculature. In our imaging experiments, we transcardially perfused the offspring’s brains in
order to exclude any false-positive signals arising from cells within the cerebral vasculature
lumen. In order to only target the td-Tomato-expressing MMc, we did not stain for any other
marker. The presence of MMc in the vasculature suggests that the MMc in this image was
captured when crossing the blood brain barrier. We amended the figure legend as follows:

‘Noteworthy, tdTomato* MMc can be found in the cerebral vasculature lumen.’

#2. It looks like MMc locate as clusters (by 2D and 3D images). Is there any discussion about
it?

Author’s response: As suggested, we mentioned the clustering of MMc:

‘According to the present data, MMc seemed to cluster in the PFC. This unique profile of homeostatic and sensome
genes may account for the observed neuronal refinement in specific brain areas.’

#3. References are needed for Rab-7b is a negative regulator for inflammation. So far, the
evidence is that Rab-7b is important for the degradation of TLR4.

Author’s response: We provide the requested reference (Yao et al., 2009).
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#4. Can the authors show the improvement of excess synaptic engulfment of microglia in
vivo, such as sparse labeling of synapses? It is well known that microglia quickly changed
the phenotype and gene expression.

Author’s response: Reviewer 3 queries about the excessive synaptic engulfment of microglia
in vivo mirrored by sparse labeling of synapses. However, an in vivo approach would require
the UV ablation of selective neurons in order to visualize microglia activity using live imaging.
However, UV ablation would influence the phenotype and gene expression of microglia. In
order to provide some of the information requested by the reviewer on the sparse labeling of
synapses, we performed additional experiments that included histological examinations of
brain sections. Here, we now show significantly less Vglut-1 and Vglut-2 puncta in the PFC
and HP of MMc" offspring when compared to MMcP°® pups at P8.

We amended the manuscript as follows:

In Results:

‘In order to provide evidence for this notion, we investigated microglia engulfment of synaptic terminals in the pre-
limbic subdivision (PL) of PFC and HP, since these areas are the core of neuronal networks accounting for complex
cognitive abilities, such as memory, learning, and flexibility3*. The engulfment of terminals from short-range projec-
tions stained by Vglut1* and from long-range projections stained by Vglut2* augmented in MMc'°¥ offspring ex vivo,
yet the increase reached significance level only for Vglut1* (Fig. 2i-k, Extended Data Fig. 7a-n).’

In Methods:

‘Microglia numbers and labeled synapses (Vglut1, Vglut2) were determined using the particle analyzer plugin for
the ImageJ software. The threshold for all signals was set to acquire optimal representation and kept constant
during image analyses. Afterwards, the number was normalized to mm?.’

#5. A more detailed method is required for single-cell RNA-seq. For example, how many rep-
licates did the authors use, and any batch effects were observed?

Author’s response: We added the requested information:

In Methods/Cell sorting:
‘For scRNA-seq, 16 fetal brains from 4 litters were pooled in order to collect 1x10* MMc, which simultaneously
minimized potential batch effects and integrates cells from 16 biological replicates.’
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Point-by-point reply to reviewers’ feedback or remaining comments (reproduced ver-
batim) on revised manuscript entitled "Pregnancy-induced maternal microchimerism
shapes neurodevelopment and behavior", NCOMMS-21-42047-A, July 2022

\ Reviewer #1 (Remarks to the Author)

The authors have adequately responded to this reviewer's concerns. The revised manuscript
is now suitable for publication.

Author’s response: We thank the reviewer for the positive feedback.

Reviewer #2 (Remarks to the Author)

The authors have addressed the majority of my comments. However, there is still some issue
with the interpretation of the behavioral data in what is now Fig 4. The controls are performing
at chance, whereas the MMcPOS mice are performing with a discrimination index that is al-
most certainly different from chance. Did the authors perform this statistical test (to determine
if performance is different from 50% chance in either direction?). If so, the MMc are exhibiting
discrimination, which is not a deficit/disturbance. It is a change in behavior for sure, but it is
not accurate to say that it is a deficit when they are showing greater discrimination than the
controls. This may be somewhat semantic but it is important for the interpretation of the rest of
the study and supports the growing literature that microglial pruning is not always maladaptive
or may be context-dependent.

Author’s response: As suggested, we performed the additional statistical testing to decide
whether the performance is different from 50% chance in either direction. In line with the result,
we revised the interpretation of the behavioral data related to the discrimination ratio and re-
phrased the sentences as following:

In Results:
‘MMc'*¥ offspring showed significantly shorter interaction time and fewer interactions with novel or less-recent ob-
jects when compared to MMcP°s (Fig. 4c-f), which indicates greater discrimination compared to MMcP°® animals.’

Reviewer #3 (Remarks to the Author)

The revised manuscript by Schepanski et al. entitled "Pregnancy-induced maternal micro-
chimerism shapes neurodevelopment and behavior" addressed major concerns, and the man-
uscript showed significant improvement. Since the manuscript contained a new concept of how
maternal cells suppressed fetal microglia and endured normal brain development and behav-
ior, this manuscript should be published in Nature Communications.

Author’s response: We thank the reviewer for the feedback and helpful comments.
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