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Recognition of self-nucleic acids by innate immune receptors can
lead to the development of autoimmune and/or autoinflamma-
tory diseases. Elucidating mechanisms associated with dysregu-
lated activation of specific receptors may identify new disease
correlates and enable more effective therapies. Here we describe
an aggressive in vivo model of Toll-like receptor (TLR) 9 dysregu-
lation, based on bypassing the compartmentalized activation of
TLR9 in endosomes, and use it to uncover unique aspects of TLR9-
driven disease. By inducing TLR9 dysregulation at different stages
of life, we show that while dysregulation in adult mice causes a
mild systemic autoinflammatory disease, dysregulation of TLR9
early in life drives a severe inflammatory disease resulting in
neonatal fatality. The neonatal disease includes some hallmarks of
macrophage activation syndrome but is much more severe than
previously described models. Unlike TLR7-mediated disease, which
requires type | interferon (IFN) receptor signaling, TLR9-driven fa-
tality is dependent on IFN-y receptor signaling. NK cells are likely
key sources of IFN-y in this model. We identify populations of
macrophages and Ly6C" monocytes in neonates that express high
levels of TLR9 and low levels of TLR7, which may explain why TLR9
dysregulation is particularly consequential early in life, while
symptoms of TLR7 dysregulation take longer to manifest. Overall,
this study demonstrates that inappropriate TLR9 responses can
drive a severe autoinflammatory disease under homeostatic con-
ditions and highlights differences in the diseases resulting from
inappropriate activation of TLR9 and TLR7.
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Recognition of nucleic acids by Toll like receptors (TLRs)
enables the immune system to sense and respond to diverse
pathogens; however, this strategy raises the risk of initiating in-
appropriate immune responses to self-derived nucleic acids.
Recognition of self-RNA and DNA by TLR7 or TLRY, re-
spectively, has been implicated in the pathology of autoimmune and
autoinflammatory diseases, such as systemic lupus erythematosus
(SLE) and macrophage activation syndrome (MAS) (1-8). One
important mechanism that reduces recognition of self-ligands is the
localization of nucleic acid sensing TLRs in endosomes, which limits
access to extracellular self-derived nucleic acids released from ne-
crotic cells or apoptotic cells that undergo secondary necrosis (9).
The requirement for proteolytic cleavage of the ectodomains of
TLRY and TLR7 within endosomes further reinforces this com-
partmentalized activation of TLRs (10-12).

When these regulatory mechanisms fail, inappropriate acti-
vation of TLR7 or TLRY can result in autoimmune and auto-
inflammatory pathology (7, 8, 10, 13-15). Mice with additional
copies of the Tlr7 gene (TLR7.1 transgenic mice, or TLR7tg)
develop spontaneous disease that shares many of the hallmarks
of SLE and MAS. Specifically, TLR7tg mice develop anti-
nuclear antibodies, a type I IFN-dependent increase in myeloid
precursor cells in the bone marrow, and cytopenia associated
with increased inflammatory hemophagocytes in the spleen (8,
15). In addition, transgenic mice that express high levels of hu-
man TLRS8 develop multiorgan inflammation (16). In contrast,
overexpression of TLR9 does not induce overt disease (17), so it
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has been harder to determine whether there are detrimental
consequences downstream of inappropriate TLRY activation.

Chronic TLRY stimulation through repeated CpG injections
results in MAS-like disease, characterized by anemia, spleno-
megaly, and inflammatory myelopoiesis (18, 19), but it is unclear
whether this pathology recapitulates the consequences of chronic
activation of TLR9 by self-DNA. A recent report described two
endolysosomal exonucleases, PLD3 and PLD4, capable of
degrading TLRO ligands (20). PLD4-deficient mice develop a
relatively mild MAS-like disease that is rescued by TLRY de-
ficiency (20). Mice lacking both PLD3 and PLD4 develop a
much more severe disease (20), but whether this disease depends
on TLRY activation has not been addressed. Collectively, these
reports suggest that the disease outcomes associated with chronic
dysregulation of TLR7 and TLRY are distinct, but the lack of an
animal model of disease clearly based on TLRY dysregulation
has precluded a close comparison of the diseases driven by these
two nucleic acid sensors.

To overcome these limitations, we have built on our earlier
studies of TLR9 regulation to generate a mouse model of TLR9
dysregulation. We previously described a mutant TLR9 receptor
that no lon%er requires ectodomain processing (hereinafter
called TLRY!rnsmembraneMutation . f RGT™Y and showed that
reconstitution of lethally irradiated mice with retrovirally trans-
duced hematopoietic stem cells (HSCs) expressing TLR9™ led
to a rapid and fatal disease (12). While these experiments for-
mally demonstrated the importance of compartmentalized activation
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of TLRY, the ectopic overexpression of TLRO™ driven by a
retroviral promoter and the increased levels of extracellular
nucleic acids due to irradiation limited our ability to track the
development of disease or draw any general conclusions about
the consequences about TLRY dysregulation under homeostatic
conditions.

We have generated mice in which TLR is expressed from
within the endogenous TIr9 locus in a Cre recombinase-
dependent manner. This system allows us to examine the con-
sequences of bypassing compartmentalized activation of TLR9 in
cells that endogenously express TLR9 under homeostatic con-
ditions, early or late in life. When TLR9™ expression was in-
duced later in life, we observed mild inflammation with many
aspects similar to TLR7-driven diseases. In contrast, induction of
TLR9™ expression ab initio resulted in fatal disease, revealing a
particular sensitivity to dysregulated TLR9 activation early in
life. In contrast to TLR7-driven disease models, TLR9-driven
disease required IFN-y receptor signaling but not type I IFN
receptor signaling. Disease was correlated with IFN-y production
by NK cells, suggesting a role for NK cells in promoting this
autoinflammatory disease. These findings demonstrate that
proper compartmentalization of TLR9 is necessary to prevent
recognition of self-DNA under homeostatic conditions and es-
tablish a new model of TLR9 dysregulation.

9TM

Results

Dysregulation of TLR9 in Adult Mice Induces Systemic Inflammation.
We generated mice that enabled inducible expression of
TLR9™ from the endogenous 719 promoter (TLR91*stoPT™,
hereinafter TLRO®™). These mice had three key features: 1)
the 71r9 transmembrane mutation that negates the requirement
for compartmentalized activation (12), 2) a loxP-flanked tran-
scriptional STOP cassette upstream of exon 2 to prevent TLRY
expression in the absence of Cre recombinase, and 3) an IRES-
GFP reporter gene downstream of the TLR9 coding sequence to
allow tracking of TLR9-expressing cells via cytoplasmic fluores-
cence (Fig. 14 and SI Appendix, Fig. S14). We also generated a
line of Cre-inducible TIr9 knockin mice without the trans-
membrane mutation, referred to as TLR9"**'°P"WT (hereinafter
TLR9*™T), to serve as controls for these studies (SI Appendix,
Fig. S1B). As expected, we did not detect GFP™ cells in TLR9®WT
and TLR9®™ mice in the absence of Cre, and cells from TLR9*™
or TLR9*WT mice without Cre did not respond to the TLR9 ligand
(CpG-B) (SI Appendix, Fig. S1 C and D). Furthermore, TLRO-
expressing bone marrow macrophages (BMMs) still produced
TNF in response to CpG when pretreated with chloroquine,
while BMMs expressing WT TLRY were inhibited (SI Appendix,
Fig. S1E), consistent with our previous work (12).

To test whether bypassing compartmentalized activation of
TLRO is sufficient to break tolerance under steady-state conditions,
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Fig. 1. TLR9 dysregulation in adult mice results in systemic inflammation and expansion of Ly6C" monocytes. (A) Diagram of TLR9"™ knockin mice. The TLR9
mutation is shown as a yellow box. (B) On tamoxifen treatment, TLR9-expressing mice exhibit an increase in circulating myeloid cells compared with mice
expressing TLR9VT. Mice were fed tamoxifen diet beginning at weaning and bled every week to monitor GFP expression. Shown is the frequency of live,
single, CD11b* cells in the blood. Data combined from independent experiments examining three or more mice per genotype per timepoint are shown as
mean + SEM and analyzed using the two-tailed Student's t test. (C) TLR9™-expressing mice exhibit weight loss, splenomegaly, and lymphomegaly compared
with TLRO™T mice after 7 wk of tamoxifen diet. Data combined from independent experiments are shown as mean + SEM and analyzed using the two-tailed
Student’s t test. Mouse numbers: TLRO®™WT#ER™-cre*, n = 9; TLRO"™*ER™-cre*, n = 10. (D, Left) Representative flow cytometry plots for bone marrow of
TLROMWT*+ER™. cre* and TLRI®™+ER™-cre* mice. Gates for LSK and Sca-1* progenitor cells are indicated. (D, Right) Quantification of LSK and Sca-1* pop-
ulations. Data combined from independent experiments are shown as mean + SEM and analyzed using the two-tailed Student’s t test. Mouse numbers:
TLRO"WT*ER™.cre*, n = 9; TLRO®™*ER™cre*, n = 10. (E, Left) Representative flow cytometry plots for bone marrow of TLRI®™WT*ER™-cre* and
TLR9*™ER™._cre* examining TLR9VT and TLRO™ expression in Ly6C" monocytes (CD45*CD3e B220 Ly6G CD11b*F480™'°Ly6CM) cells. (£, Right) Quanti-
fication of the frequency of GFP* Ly6C" cells from bone marrow. Data are compiled from independent experiments. Mouse numbers: TLRS*W™*ER™cre*, n =
9; TLRO®™*ER™.cre*, n = 10. (F) Quantification of total Ly6C"" monocytes from TLRI®"W™*ER™-cre* and TLRO®*™"*ER™%-cre* bone marrow. Data combined
from independent experiments are shown as mean + SEM and analyzed using the two-tailed Student’s t test. Mouse numbers: TLRO®™W"*ER™cre*, n = 9;
TLRI®™ER™._cre*, n = 10. In all panels, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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we bred TLRO®™ and TLR9™™" mice to Rosa26-ER"*-cre mice to
enable tamoxifen-inducible expression of each rece%or. Beginning at
weaning, TLROS™*ER™2.¢cre* and TLRO®WT*ER.cre* mice were
placed on a tamoxifen-containing diet. GFP*CD11b* m);gloid cells
were detectable in the peripheral blood of TLRO®V*ER™.cre* and
TLROS™*ER™.cre* mice after 1 wk of tamoxifen administration (SI
Appendix, Fig. S24). GFP expression was limited to CD45% cells, as
expected for expression driven by the endogenous 7lr9 promoter (SI
Appendix, Fig. S2B). As early as 2 wk after tamoxifen treatment,
TLRY®™*ER™.cre™ mice exhibited an increase in CD11b" cells in
the blood compared with TLRO®WV"*ER".cre* mice (Fig. 1B), sug-
gestingn\z/i[n alteration in the circulating myeloid compartment due to
TLR9™™ expression. In addition, after 7 wk of tamoxifen adminis-
tration, TLRO®™*ER™.cre* mice demonstrated reduced body
weight and enlarged spleens and lymph nodes compared with
TLRY®WT*ER™.¢re™ mice (Fig. 1C).

Examination of bone marrow from TLR®*™/*ERT?.cre*
mice revealed an expansion in Lin~Sca-1*cKit* (LSK) and
Lin~Sca-1"cKit™ (Sca-1*) cell populations (Fig. 1D). Similar
abnormalities in hematopoiesis have been described in TLR7tg
mice. The inflammation in these animals also leads to expan-
sion of a population of Ly6C™ monocytes, and TLR7 and TLR9
signaling in these cells has been shown to induce the differen-
tiation and development of inflammatory hemophagocytes (8).
Furthermore, it was recently shown that stimulation of bone
marrow progenitors via TLR9 can lead to the production of Ly6Ch
monocytes (19, 21). Interestingly, TLRY*™*ER™ .cre* mice have
increased frequencies of TLR9-expressing Ly6C™ monocytes
(Lin"CD45"CD11b*F4/80™¢°Ly6C™), as well as increased num-
bers of total L/y6Chl monocytes in the bone marrow, compared
with TLRO®WVT*ER2 cre* mice (Fig. 1 E and F). Together, these
data indicate that dysregulated TLRY activation alters hemato-
poiesis in the bone marrow, which induces an expansion of Ly6C™
monocytes.

In contrast to the fatal inflammation observed in mice recon-
stituted with HSCs transduced with retroviruses encodin%TLR9TM
(12), the phenotype of tamoxifen-treated TLRO*™*ER™?_cre* was
significantly less severe. Full body irradiation induces significant cell
death and DNA release, so we reasoned that mice expressing
TLR9™ in the ER™-cre system might not succumb to fatal in-
flammation, because extracellular self-nucleic acids are not abun-
dant under homeostatic conditions due to tightly regulated
programmed cell death processes as well as the presence of DNA
exonucleases (22-25). To induce cell death and increase the
amount of self-DNA ligand, TLRO*™*ER"?.cre* mice were fed
a tamoxifen diet for 10 wk and then administered a sublethal
dose of irradiation (SI Appendix, Fig. S2C). Unexpectedly, irradi-
ated TLRO*™"*ER™2 cret mice survived similarly to their litter-
mate controls (SI Appendix, Fig. S2C). Furthermore, exposure to
DNA ligand by repeated DNA injections also did not lead to fatal
inflammation. Thus, excessive extracellular DNA arising as a result
of irradiation does not appear to be sufficient to explain the
previously observed lethal disease seen in mice overexpressing
TLR9™ in hematopoietic cells.

Table 1.

Dysregulation of TLR9 Causes Neonatal Fatality. Based on the rela-
tively mild disease observed in TLROS™*ER™.cret mice, we next
examined mice in which TLR9™ is expressed throughout develop-
ment. We crossed TLROS™* mice to Timeml6378CTBc)2Mn
(B-actin-cre) mice to generate mice in which TLR9™ is expressed ab
initio. Surprisingly, no TLROS™"*8_actin-cre™ progeny were present
at the time of weaning, suggesting that expression of TLR9™
in this context may be fatal. Timed pregnancies revealed that
TLRI®™/*g.actin-cre* neonates were born at the expected
Mendelian frequency but died shortly after birth, compared with
TLRY®WT*4_actin-cre™ mice, which survived to adulthood (Ta-
ble 1 and Fig. 24).

To investigate the basis for this rapid death, we examined
TLRO®™*g.actin-cre™ neonates for signs of TLR9-driven
immune activation. We detected increased frequencies of
TLRY"(GFP*)CD45" cells in the livers of TLRO*™"*g-qctin-
cre’ neonates compared with TLRO®W"*g-actin-cre* neonates
(Fig. 2B). Moreover, LSK, Sca-1*, and Ly6C" monocyte pop-
ulations were expanded in TLRO®*™"*g_qctin-cre™ neonatal liv-
ers (Fig. 2C and SI Appendix, Fig. S34). We also observed an
increase in emergency granulocyte/macrophage progenitor (¢GMP)
cells within the LSK gate (Lin Sca-1*cKit"CD34*CD16/32%), in-
dicating that hematopoiesis in TLR9*™"*g-qactin-cre* neonates
had shifted to generate more myeloid progenitor cells, as has been
described in adult TLR7tg mice (Fig. 2D and SI Appendix, Fig.
S3B) (15). In addition, hematoxylin and eosin (H&E) staining
revealed extensive inflammation in the livers of TLRO*™ 8-actin-
cre” neonates (Fig. 2F), but no phenotypic differences were ob-
served in the lungs, heart, kidneys, or nasal passages.

Previous studies have reported that nonhematopoietic cells, such as
cardiomyocytes, express TLR9 (26). To test whether the liver in-
flammation and neonatal death observed in TLRYS™"*g-actin-
cre* mice is driven by hematopoietic cell @cg)ression of TLRY™, we
bred TLR*™ mice to Commd10™™ 042K (14, cre), which is
expressed only in hematopoietic cells. TLRO*™*/av-cre™ neonates
died shortly after birth and displayed the same signs of inflammation
in the neonatal liver (Table 1 and Fig. 2.4 and C). These data suggest
that excessive TLR signaling by TLR9™ in hematopoietic cells in the
neonatal liver drives an expansion of myeloid cells, presumably in
response to an abundance of DNA ligand during development.

Dysregulated TLR9 Activation in Neonatal Macrophages and Monocytes
Correlates with Severe Inflammatory Disease in Neonates. The Cre-
inducible nature of our system allows us to test the importance of
dysregulated TLRY in specific immune cell types for disease. We
bred TLR9®™™ mice to 1) CdIlc-cre (Tg(Itgax-cre)I-1Reiz/])
mice, to drive expression in CD11c* cells (which include den-
dritic cells, some macrophages, and some B cells); 2) Lyz2-cre
(Lyz2™!(e)°) mice, to drive expression in macrophages, mono-
cytes, and neutrophils; and 3) Cd19-cre (CA19"™ €™¢") mice, to
drive expression in B cells. Progeny from TLR9®*™ mice crossed
to Lyz2-cre and Cdl9-cre were born at expected Mendelian fre-
quencies and survived to adulthood with no apparent disease (Fig.
34). In contrast, approximately 15% of the TLRO®™"*CdI1c-
cre’ neonates died within 24 h of birth, and the remaining mice

Survival of TLR9™WT and TLR9*™ neonates

%Survival 24 h

Cre recombinase TLR9 genotype %Expected %Born postbirth Mice analyzed
p-actin-cre” TLR9™WTH+ 50 44.4 100 16
p-actin-cre* TLRYPWT+ 50 55.6 100 20
p-actin-cre” TLR9™™H 50 60.3 100 47
p-actin-cre* TLR9™™+ 50 39.7 0 31
Vav-cre” TLR9STMI+ 50 51.2 100 21
Vav-cre* TLR9"STMI+ 50 488 0 20
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Fig.2. Dysregulation of TLR9 early in life is fatal. (A) TLRO*™* p-actin-cre™, TLRO®™* g-actin-cre*, and TLRI*™*+Vav-cre* neonate survival curve. Results are
combined from multiple litters and analyzed using the logrank (Mantel-Cox) test. (B) The frequency of TLR9 (GFP*)-expressing cells among live, single CD45*
cells in the neonatal liver of indicated genotypes. Data are representative of six independent experiments. (C) TLRI"™* g-actin-cre* neonates exhibit ex-
panded LSK and Sca-1* cell populations. Representative flow cytometry plots of neonatal livers from the indicated genotypes are shown. Bar graphs show
quantification of LSK and Sca-1" populations in neonatal livers from indicated genotypes. Data from multiple litters are shown as mean + SEM and analyzed
using one-way ANOVA with Tukey’s multiple comparisons posttest. Mouse numbers: TLRO®™W+ p-actin-cre™, n = 10; TLRO®™W™* g-actin-cre*, n = 6; TLRO"*™/+
p-actin-cre”, n = 14; TLRO*™* g-actin-cre*, n = 10; TLRO®*™*Vav-cre”, n = 6; TLRO®*™"*Vav-cre*, n = 7. (D) TLRI*™* g-actin-cre* neonates exhibit emergency
myelopoiesis in the neonatal liver. Quantification of Sca-1"CD347CD16/32* myeloid cells found within the LSK gate. Data from multiple litters are shown as
mean + SEM and analyzed using one-way ANOVA with Tukey’s multiple comparisons posttest. Mouse numbers: TLRO™"* g-actin-cre”, n = 15; TLR"™/+
p-actin-cre*, n = 13. (E, Left) Representative photomicrographs of H&E staining of neonatal livers from indicated genotypes. (E, Right) Pathology scoring of
liver lipid content as a measure of inflammation. Pathology scoring scheme: 0 = hepatocytes contain diffuse cytoplasmic lipid vacuoles, 1 = hepatocytes
contain many small cytoplasmic lipid vacuoles, 2 = hepatocytes contain a few small cytoplasmic lipid vacuoles, 3 = hepatocytes contain no lipid. Bar, 100 um.
Data are combined from multiple experiments and analyzed using Kruskal-Wallis analysis of variance and Dunn’s multiple comparisons test. Mouse numbers:
TLRO®™* pg.actin-cre™ n = 4 and TLRO®™'*+ p-actin-cre™ n = 3. In all panels, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

were severely runted well into adulthood (Fig. 34 and SI Appendix,
Fig. S44). Collectively, these results indicate that dysregulation of
TLRY in B cells and Lyz2" cells, such as monocytes and macro-
phages, is not sufficient to induce significant pathology, but TLR9™
expression in CD11c" cells partially recapitulates the phenotype ob-
served in TLRO®™g-actin-cre* and TLRO®™* Vay-cre* neonates.

To better define the determinants of the severity of the phenotype
in TLR9*™ mice crossed to each of the Cre drivers, we first com-
pared the cellular composition of neonatal livers from TLROS™* 5.
actin-cre™, TLRO®™"*Cd]]lc-cre*, and TLROS™/*Lyz2-cre*
neonates. Compared with the TLRO*™"*.actin-cre* neonates,
the expansion of LSK cells, eGMP cells, Sca-1* cells, and Ly6Chi
monocytes was reduced in the TLRO®™/*CdIlc-cre* and
TLRYS™*Lyz2-cre* neonates (Fig. 3B and SI Appendix, Fig. S4B).
There were no cellular abnormalities in TLRO®™/*Cd19-cre*
neonates (S Appendix, Fig. S4C). Analyses of H&E-stained tissue
sections of neonatal liver and pancreas revealed a similar correlation
with disease severity (Fig. 3C).

Finally, we measured blood hemoglobin levels after birth to assess
or anemia, a hallmark of MAS- and TLR7-driven autoinflammation
(8, 19). TLRO*™"* f.actin-cre* neonates had significantly lower levels
of blood hemoglobin levels compared with TLROS™* g-actin-cre”
littermate controls (Fig. 3D). TLRO*™"*Cd[Ic-cre* neonates
had slightly reduced levels, although the difference did not reach
statistical significance, while there was no difference between
TLRO®™*yz2-cret and TLRY®™*Lyz2-cre™ neonates (Fig.
3D). Overall, these results indicate that inflammation of the liver
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and pancreas, as well as anemia, correlate with the fatality observed
in TLROS™g.qactin-cre* and TLRY*™*Cdl1c-cre* neonates.
We next considered whether the varied disease severity in dif-
ferent Cre-driver lines could be linked to cell-intrinsic TLR9™
activation in specific cell populatlons in neonates. While the
frequency of TLRY- expressmg Ly6CM cells was 1ncreased in
TLRY®™'*g.actin-cret and TLRO®™/*ay-cre* neonates,
these cells did not express TLRO™ in TLRO®™*Cd[]c-cre™ and
TLRO®™*Lyz2-cre* neonates, suggesting that a different TLR9-
expressing cell type may contribute to disease (SI Appendix, Fi%/i
S4D). Consistent with this possibility, we found that TLR9T
expression in neonatal liver macrophages (CD45*CD11b*F4/
80"Mertk™) across the different Cre lines correlated well with
disease severity (Fig. 3E and SI Appendix, Fig. SAE) (27). These
liver macrophages expressed CD64 but not CD115, Ly6C, or
CCR2, distinguishing them from Ly6C™ monocytes (81 Appendix,
Fig. S4E). The frequency of GFP* neonatal liver macrophages
was similar in TLRO®™"* g-actin-cre* and TLRO®WY* B-actin-cre*
neonates, indicating that these cells express TLR9 in the absence
of inflammation (SI Appendix, Fig. S4F). The frequency of
TLR9TM-expressmg neonatal macrophages was con51derab1y
lower in TLRO®™*CdI]c-cre™ mice and hardly detectable in
TLRY®™*Lyz2-cre* neonates (Fig. 3E). The difference in TLR9
expression in these cells across the different mouse Cre lines
likely stems from the timing of expression of each of the Cre-
drivers. While CdIc-cre and Lyz2-cre would be expected to drive
expression in macrophages, it has recently been demonstrated
that Cd11c-cre expression during development is delayed relative
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Fig. 3. Expression of dysregulated TLR9 by neonatal macrophages and Ly6C" monocytes correlates with liver inflammation and pancreatitis. (A) Survival
curve of indicated genotypes. Results are combined from multiple litters and analyzed using Log-rank (Mantel-Cox) test. (B) TLRO"™™* g-actin-cre* and
TLRO®™™ Cd11c-cre* neonates exhibit an increase in LSK, eGMP, and Ly6C" monocyte cell populations in the liver compared with TLRO®™* [yz2.cre*
neonates. Data combined from multiple litters are shown as mean + SEM and analyzed using one-way ANOVA with Tukey’s multiple comparisons posttest.
Mouse numbers: TLRO*™* g-actin-cre™, n = 15; TLRI®™* p-actin-cre*, n = 13; TLRO®*™* Cd11c-cre”, n = 9; TLRO®™* Cd11c-cre*, n = 4 and n = 10; TLRO®™+
Lyz2-cre”, n = 10; TLRO®*™ [yz2-cre*, n = 11. (C) Histology scores of liver (Left) and pancreas (Right) sections from the indicated mice. Pathology scoring
scheme for liver: 0 = hepatocytes contain diffuse cytoplasmic lipid vacuoles; 1 = hepatocytes contain many small cytoplasmic lipid vacuoles; 2 = hepatocytes
contain a few small cytoplasmic lipid vacuoles; 3 = hepatocytes contain no lipid. Pathology scoring scheme for pancreas: inflammation with exocrine cell
necrosis or zymogen depletion or both: 0 = unaffected; 1 = minimal diffuse to mild multifocal; 2 = mild diffuse to moderate multifocal; 3 = moderate diffuse
to marked multifocal. Data are combined from multiple experiments and analyzed using Kruskal-Wallis ANOVA and Dunn’s multiple comparisons test. Mouse
numbers: TLRO®™"* g-actin-cre”, n = 6; TLRO®"™* p-actin-cre*, n = 8; TLRO®™"* Cd11c-cre”, n = 7; TLRO®™* Cd11c-cre*, n = 6; TLRO®"™* Lyz2-cre”, n = 6;
TLR*™H [yz2-cre*, n = 11. (D) TLRO®™* g-actin-cre* neonates suffer from anemia. Blood hemoglobin levels from the indicated mice are shown. Results
combined from multiple experiments are shown as mean + SEM and analyzed using one-way ANOVA with Tukey’s multiple comparisons posttest. Mouse
numbers: TLRO®"™* g-actin-cre™, n = 14, TLRO®™* p-actin-cre*, n = 12; TLRO®*™"* Cd11c-cre”, n = 7; TLRO®™* Cd11c-cre*, n = 7; TLRO®™"* Lyz2-cre”, n = §;
TLRO®*™™  [yz2.cre¥, n = 6. (E) The frequency of TLR9-expressing neonatal macrophages correlates with disease severity. Quantification of
CD457CD3e CD19Ly6G CD11b*F4/80"Mertk* TLR9 (GFP*) macrophages from the neonatal livers of the indicated genotypes. Results combined from multiple
experiments are shown as mean + SEM and analyzed using one-way ANOVA with Tukey’s multiple comparisons posttest. Mouse numbers: TLRI®"™* s-actin-
cret, n = 13; TLRO®™* Cd11c-cre*, n = 12; TLRI®™* [yz2-cre*, n = 6. (F) The frequency of macrophages and Ly6C" monocytes expressing TLR9 (GFP*) and
TLR7 (TdTomato™). Results combined from multiple experiments are shown as mean + SEM and analyzed using the two-tailed Student’s t test. Mouse
numbers: TLR9ST/SFP n = 12; TLR7TOMTOM  — 6. (G) Representative histograms of TLR9 and TLR7 expression in Ly6C" monocytes and macrophages
(CD45*CD3e CD197Ly6G Ly6C CD11b*F4/80*) from adult bone marrow from TLRISFGFP or TLR7TOMTOM reporter mice compared with B6 WT controls (gray).
In all panels, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

to Vav expression (and presumably f-actin), and Lyz2 expres-
sion is delayed even further (28). Thus, these analyses reveal
a critical window during development in which dysregulation
of TLRY activation in neonatal macrophages is particularly
consequential. )

In TLR7tg mice, dysregulation of TLR7 signaling by Ly6C™
cells drives hemophagocytic disease, but disease becomes apparent
only later in life (8). One potential explanation for this delay relative
to TLRY-expressing mice is that TLR7 and TLR9 expression differ
in key cell populations during the developmental window in which
dysregulated activation leads to severe disease. Analysis of
TLRYSTPGFP and TLR7™OMTOM reporter mice, in which GFP
and TdTomato are expressed from the endogenous TLR9 and
TLR7 locus, respectively (17), revealed that approximately 20% of
neonatal liver macrophages express TLR9Y, but a much lower
proportion express TLR7 (Fig. 3F). Similarly, Ly6C™ monocytes
in livers of neonates express TLR9 but not TLR7 &Fig. 3F). In-
terestingly, the analyses of macrophages and Ly6C" monocytes
from adult bone marrow revealed quite distinct expression levels;
both populations express TLR7, while TLR9 expression is low in
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adult macrophages in the bone marrow (Fig. 3G). Based on
these findings, we conclude that the expression of TLRY, but
not of TLR7, by liver macrophages and Ly6C™ monocytes ex-
plains why dysregulation of TLR9 signaling early in life leads to
a much more severe phenotype compared with dysregulated TLR7

signaling.

TLR9-Driven Disease Requires IFN-y Receptor Signaling, Rather than
Type | IFN Receptor Signaling. We next sought to identify the in-
ﬂammatm;y signaling pathways underlying the disease observed
in TLRO®*™"* 8_sctin-cre* neonates. The inflammatory disease in
TLR7tg mice requires IFN-a receptor (IFNAR) signaling (15).
To test whether type I IFN contributes to the inflammation in
TLRY®™*g_actin-cre™ neonates, we crossed TLRO®™"* and g-actin-
cre* mice to Ifnarl ™~ mice. Surprisingly, 80% of TLRY*™"*3-actin-
cre*Ifnar] ™~ neonates died within 5 h of birth (Fig. 44). One
TLRI®™ 8 actin-cre*Ifnarl '~ mouse survived after birth, but
this animal was extremely runted. Furthermore, TLR9®™/+4.
actin-creJ'Ifnarl_/_. neonates still exhibited increases in LSK,
Sca-17, and Ly6C™ cell populations (Fig. 4B and SI Appendix,

Stanbery et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911579117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1911579117

Fig. S5A4). Based on these analyses, we conclude that, in contrast
to many other autoinflammatory disease models, IFNAR signaling
is not required for the pathology observed in TLR9™™*g-actin-
cre* neonates.

We searched for other inflammatory pathways induced when
compartmentalized activation of TLRY is bypassed early in life.
Gene expression analysis of livers from TLRO™™/*g-actin-cre*
neonates revealed a significant induction of IFN-y and IFN-
stimulated genes (Fig. 4C), suggesting a potential role for type
II IFN in TLRY-driven fatality. To test whether IFN-y contrib-
utes to the inflammation in TLRO®™*g_qctin-cre* neonates, we
crossed TLRO®™/* and p-actin-cre™ mice to Ifngrl™~ mice. All
TLRY®™* 5 actin-cre*Ifngrl™~ neonates survived for 20 d post-
birth, while none of the TLRIS™"*g_actin-cre*Ifngrl*'~ and
TLRY*™*g_actin-cre*Ifngrl*'* neonates survived past 7 h (Fig.
4D). We noted that TLROS™*g-actin-cre*Ifngrl ™~ neonates
were runted compared with TLRO™™* s-actin-creIfngrl ™~ ne-
onates, and a number of these mice died between 20 and 50 d
postbirth, indicating that additional inflammatory pathway(s) can
contribute to disease pathology later in life. Consistent with re-
duced disease in TLRO®*™* g-actin-cre*Ifngrl '~ neonates, there
was no expansion of LSK and Ly6C™ cell populations in livers of
these mice (Fig. 4B). The rescue of disease was not related to any
change in TLRY expression in neonatal macrophages (SI Ap-
pendix, Fig. S5B). Together, these data indicate that the pa-
thology associated with TLR9 dysregulation is largely driven by
IFN-y receptor signaling.

Dysregulation of TLR9 Activation Leads to Expansion of IFN-y—Producing
NK Cells. To identify the cells responsible for producing IFN-y in
TLRY*™"*8_gctin-cre™ mice, we performed intracellular cytokine
staining on neonatal liver cells. These analyses identified a clear
population of IFN-y—producing cells in TLRO*™*g.actin-cre*
neonates that was absent in TLRO*W"*g-actin-cre* neonates (Fig.
5A4). The vast majority of these IFN-y™ cells were NK1.1* cells

(CD3 CD19NK1.1%) and expressed a number of cell markers in-
dicative of NK cells, including NKG2D, NKp46, NKG2A/C/E, and
CD226 (DNAM) (Fig. 5B and SI Appendix, Fig. S6 A and B) (29—
32). The number of IFNy* NK cells was greatly expanded in the
livers of TLROS™"*B_actin-cre* neonates (Fig. 5C), suggesting that
they contribute to TLR9-driven disease.

To more closely examine the link between IFN-y producing
NK cells and the disease observed in mice with dysregulated
TLRY, we performed similar analyses in TLRO®*™/*CdI1c-cre*
and TLRO®"™*Lyz2-cre* mice. The frequency and number of
IFN-y—producing NK cells was increased in TLRO*™"*Cd11c-cre*
neonates but not to the extent observed in TLR®™*g-actin-
cre™ neonates, while TLRO®*™/*Lyz2_cre* neonates showed no
significant increase relative to control mice (Fig. 5 4 and C).
Thus, the presence of IFN-y—producing NK cells correlated with
disease severity.

Production of IFN-y by NK cells could result from cell-
intrinsic activation of TLRY or from stimulation by cytokines,
such as IL-18 and IL-12, produced by other TLR9-expressing
cells (33, 34). To distinguish between these possibilities, we ex-
amined GFP expression in the expanded NK cells as a proxy for
TLRY expression. Interestingly, we observed that both GFP* and
GFP~ NK1.1" cells expanded in TLR"™"*g.actin-cre* neonates
(Fig. 5D). These data suggest that the activation of NK cells does
not require TLRY expression and may occur via exposure to
inflammatory cytokines.

To examine this possibility more directly, we sorted GFP~ and
GFP™ total cells from TLRO®™/*8_4ctin-cre™ neonatal livers
and analyzed their IFN-y production by ELISpot. The IFN-
y—producing cells were predominately cells that lacked expres-
sion of TLRY(GFP") (Fig. 5E), indicating that inflammatory
cytokines produced by another TLR9-expressing cell are most
likely driving NK cell expansion and IFN-y production. Consis-
tent with this possibility, neonatal liver cells from TLR9S™/* 4.
actin-cre* neonates produced 1L-18 and TNF when cultured ex
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Fig. 4. Fatal inflammation in TLR9™-expressing neonates requires IFN-y receptor signaling but not type I IFN signaling. (A) Survival curves of TLR9®™/*5-
actin-cre*Ifnar1~'~ neonates. Results are combined from multiple litters and analyzed using the logrank (Mantel-Cox) test. (B) LSK and Ly6C" monocyte cell
populations do not expand in TLRI*™*-actin-cre*Ifngr1~'~ neonates. Quantification of LSK and Ly6C" monocytes from neonatal livers of indicated gen-
otypes (combined from multiple litters) is shown as mean + SEM and analyzed using one-way ANOVA with Tukey’s multiple comparisons posttest. Mouse
numbers: TLRO®™"* g-actin-cre™, n = 4; TLRO®™* p-actin-cre™, n = 5; TLRO*™*g-actin-cre Ifnar1*'*, n = 4; TLRO®™*g-actin-cre*Ifnar1*'~, n = 4; TLRO®™*5-
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PCR analysis of inflammatory genes in TLRO®™*g-actin-cre* neonatal livers. Data are representative of two independent experiments and presented as fold
change of expression in TLRI*™*g-actin-cre* vs. TLRO®™* g-actin-cre™. Bars show mean =+ SD; statistics calculated using the two-tailed Student’s t test. (D)
Survival curves of TLRO*™*5-actin-cre*Ifngr1~'~ neonates. Results are combined from multiple litters and analyzed using the logrank (Mantel-Cox) test. In all
panels, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Stanbery et al. PNAS | February 11,2020 | vol. 117 | no.6 | 3079

IMMUNOLOGY AND
INFLAMMATION


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911579117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911579117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911579117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911579117/-/DCSupplemental

A TLROSWT+  TLRQST™™H+ B TLROSWI+  TLROsT™MH*

=B-actm-cre p-actin-cre z'\% STLRYVT B-actin-cre* p-actin-cre* B-actin-cre
[T oTLRO*™" B-actin-cre* 045 | 44.0
52 STLR9S™" Cd11c-cre* | | | ol ‘
i %5 OTLRO"™"* Lyz2-cre* - L 8 !
of g2 g e @
ol ) 4 I— R
DIFNy IFNy

E TLRI™WT* B-actin-cre*
oTLRO*™"* B-actin-cre*

GFP- o TLRO®W™* B-actin-cre*

& 4 oTLRI®WT* B-actin-cre* o~ L4 ® TLRO®™'* B-actin-cre* 5 *
= oTLRO*™" B-actin-cre* 2 4 T N . .
0z oTLRO™* Cd11c-cre® X o .| o TLR9=™ B-actin-cre
P 3 . GFP ST B_actin-ore” 5 4
8 © 3 OTLRO*™" Lyz2-cre* ° oTLR9 B-actin-cre' @ o
3 8, 8 g 83
i < “o0s5l o Z22
Zxn N ° X
[ z £,
0. 0.0 -...&_
F IL-18 TNF G _10 ol 8 .
N e 2% . 9 hkx TLRO®™" B-actin-cre~
20! 20 gtaz) s whkk 25 ik OTLRO*™"* B-actin-cre*
° £2 e =260 o TLRY*™"*Cd11c-cre-
L 8, ™ ° £8 s 58 * OTLRY™*Cd11c-cre*
E E o g ¥ % 27 4 oTLR9*™HLyz2-cre-
210 210 g é’, »§ 41 ° S g »5 fl» ns OTLR9™"Lyz2-cre*
5 00 50 s &E; 2 % o % § 2 ? $ .
£ 0 ONE €7 e’ o358
= I —_—

TLRY®™* B.actin-cre”
OTLRYS™" g.actin-cre*

Fig. 5. Expansion of IFN-y—producing NK cells correlates with neonatal inflammation. (A, Left) Representative flow cytometry plots of IFN-y-producing cells
in neonatal livers of TLRI"W™*g-actin-cre* and TLRI"™"*s-actin-cre™ mice. (A, Right) Quantification of IFN-y* cells in neonatal livers of mice of the indicated
genotypes. Data combined from multiple litters are shown as mean + SEM and analyzed using one-way ANOVA with Tukey’s multiple comparisons posttest.
Mouse numbers: TLRO"W™* g-actin-cre™, n = 5; TLRO"™* p-actin-cre*, n = 19; TLRO"™* Cd11c-cre™, n = 8; TLRO*™* Lyz2-cre*, n = 7. (B) Expansion of IFN-y*
NK1.1* cells in TLRO®™"* g_actin-cre* neonates. Shown are representative flow cytometry plots of NK1.1 and IFN-y staining on CD3"CD19"NK1.1* gated cells
from neonatal livers of the indicated mice. (C) Quantification of IFN-y*CD3"CD19"NK1.1" subsets of indicated genotypes. Results from multiple litters are
shown as mean + SEM and analyzed using one-way ANOVA with Tukey’s multiple comparisons posttest. Mouse numbers: TLRO®"W™* g-actin-cre™, n = 5;
TLRO*™ g_actin-cre*, n = 9; TLRO®™* Cd11c-cre*, n = 8; TLRO®™* Lyz2-cre*, n = 7. (D) Quantification of GFP™ and GFP~ CD3"CD19"NK1.1* cells in neonatal
livers. Results are combined from multiple litters and shown as mean + SEM and analyzed using the two-tailed Student’s t test. Mouse numbers: TLRO™WT+
p-actin-cre*, n = 5; TLRO®*™* g_actin-cre™, n = 15. (E) Analysis of IFN-y secretion by GFP* and GFP™ total cells by ELISpot. Quantification of IFN-y secreting cells
of indicated genotypes. Results combined from multiple litters are shown as mean + SEM and analyzed using the two-tailed Student's t test. Mouse numbers:
TLRO®WT* g-actin-cre, n = 7; TLRI®™* p-actin-cre™, n = 7. (F) Neonatal liver cells from TLRO*™* B-actin-cre™ mice secrete more IL-18 and TNF compared to
littermate controls. Shown are cytokine levels of adherent fetal liver cells cultured from TLRI®™* g-actin-cre* and TLRO*™* p-actin-cre™ neonates. Results
are combined from two independent experiments and analyzed using the two-tailed Student's t test. Mouse numbers: TLRO®™* g-actin-cre™, n = 9; TLR9"™/+
p-actin-cre*, n = 8. (G) Neonatal macrophages from TLRI*™"* p-actin-cre* and TLRI*™* Cd11c-cre* neonates secrete significantly more TNF and IL-12p40
compared with TLRO®™* [ yz2-cre* neonates. Results are combined from multiple experiments and analyzed using one-way ANOVA with Tukey’s multiple
comparisons posttest. Mouse numbers: TLRO®*™* g-actin-cre~, n = 10; TLRO®"™* g-actin-cre*, n = 8; TLRO®™* Cd11c-cre”, n = 7; TLRO"™* Cd11c-cre*, n=12;

TLR*™H [yz2-cre™, n = 8; TLRI*™ Lyz2-cre*, n = 6. In all panels, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

vivo (Fig. 5F). Using intracellular cytokine staining, we verified that
neonatal macrophages and Ly6C™ monocytes produce IL-12p40
and TNF in TLRO*™"g.qactin-cre* mice (Fig. 5G and SI Ap-
pendix, Fig. S6C). Moreover, the frequency of cytokine-producing
cells across TLRO*™g_actin-cret, TLROS™*Cd]Ic-cre*, and
TLRY*™*1y22-cre* neonates generally correlated with disease
severity (Fig. 5G and SI Appendix, Fig. S6C).

Together, these data suggest a model in which dysregulated
TLRY activation in neonatal macrophages induces expansion of
Ly6C™ monocytes. In turn, macrophages and Ly6C™ monocytes
secrete inflammatory cytokines that activate NK cells, leading
them to expand and produce IFN-y, ultimately driving neonatal
fatality.

Discussion

Both TLR7 and TLRY can respond to self-nucleic acids under
certain circumstances, but whether dysregulated responses by
each receptor result in similar mechanisms of disease has been
difficult to address. In this study, we use a model of TLR9-driven
disease to uncover that TLR9-driven IFN-y production leads to
detrimental autoinflammation with some similarities to MAS-
like disease. Unlike models of TLR7-driven disease, the pa-
thology in this TLR9-driven model was largely independent of
type I IFN. The phenotype of TLRI*™* g_actin-cre™ mice that
we describe here is very severe, with mice living only a few hours
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after birth. This disease was characterized by an apparent acti-
vation of neonatal macrophages in the liver, an increase in
Ly6C™ monocytes, altered hematopoiesis, and an increase in the
number of IFN-y producing-NK cells. Surprisingly, this fatal
inflammation was dependent on IFN-y receptor signaling, in-
dicating different mechanisms downstream of TLR9- and TLR7-
driven autoinflammatory diseases. Finally, our analysis of TLR9
and TLR7 reporter mice provides evidence that the expression
of these nucleic acid sensing receptors is distinct in the key cell
types implicated in TLR9-driven disease.

A uniq#e aspect of our study is the ability to control the timing
of TLR9™., which revealed the severe sensitivity of neonates to
dysregulated TLRY activation relative to adult animals. Mice in-
duced to express TLR9™ at the time of weaning develop signs of
systemic inflammation that are similar to disease observed in TLR7-
overexpressing mice. In contrast, mice that experience dysregulated
TLRY during development suffer severe liver inflammation and
lethality. One potential explanation for the difference between ne-
onates and adults is the abundance of nucleic acids early in life due
to cell death associated with development. However, our inability to
exacerbate disease in adults by providing additional nucleic acids,
either through irradiation or injection of TLRY ligands, argues
against this possibility. Rather, the severe phenotype in TLR9™-
expressing neonates may reflect the particular sensitivity of the or-
ganism to inflammation during this critical developmental period.
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For example, apoptosis and necroptosis of cells during organ
development may lead to release of nucleic acids, allowing for
recognition of endogenous DNA by TLRO. It is also possible
that commensal-derived nucleic acids can stimulate TLR9™;
however, the fact that neonates are born with severe liver and
pancreas damage and die so quickly after birth argues against
this possibility. Our findings that both macrophages in the
neonatal liver and Ly6C™ monocytes express TLR9 but little
or no TLR7 suggest that these cells may be responsive to DNA
but not RNA ligands during embryogenesis, explaining the
different timing and severity of TLR9-driven vs. TLR7-driven
disease. It is also possible that regulatory mechanisms in adult
mice not present in neonates ameliorate the consequences of
TLRO dysregulation; for example, IL-10 can suppress MAS-
associated pathology in adult mice (18). Perhaps the differential
induction of IL-10 in adult vs. neonatal mice is responsible for the
different disease severity. In addition, the fact that neonatal fatality
is dependent on IFN-y receptor signaling suggests aberrant type 11
IFN can cause pathology early in life, whereas type I IFN may play
a greater role in adult autoinflammatory disease. Finally, our ob-
servation that TLRO®*™*B.actin-cre* neonates exhibit emergency
myelopoiesis in the liver and cell infiltration in the pancreas, sug-
gests that developing organs may be particularly sensitive to in-
flammatory signals early in life.

Recently, it has been shown that mice lacking exonuclease
PLD4 also develop a TLR9- and IFN-y—dependent inflammatory
disease but survive to adulthood, while Pld3~~Pld4~'~mice die 2
to 3 wk after birth. Whether the disease in Pld3~'~Pld4~~mice is
dependent on TLR9 and IFN-y has not been determined, but
these animals exhibit elevated levels of systemic IFN-y and other
inflammatory cytokines, suggestive of dysregulated TLRY acti-
vation (20). The difference in disease severity between TLR9*™
mice and mice lacking PLD3 and/or PLD4 implies that a hierarchy
of mechanisms restrict TLR9 responses to self-nucleic acids.
Endosomal exonucleases, such as PLD3 and PLD4, function to
limit self-DNA accumulation within endosomes, but this activity is
clearly not the sole mechanism preventing TLRO responses to self-
DNA. Additional nucleases have been implicated in the removal
of extracellular self-DNA (23-25), and it is likely that these nu-
cleases, acting in distinct cellular and extracellular compartments,
prevent self-DNA from triggering properly localized TLR9. Our
analysis of TLR9®™™ mice reveals the critical importance of
compartmentalized activation; these mice develop severe disease
despite the presence of functional nucleases.

Expansion of a population of atypical NK cells (NK1.1*CD11c*)
has been described in TLR7tg mice (35, 36). These atypical NK
cells express low levels of NKG2D and require type I IFN to in-
duce inflammation (36). In contrast, in our model of TLR9-driven
disease, we observe expansion of NK cells expressing classic NK
cell markers, including NKG2D and NKp46, and show that these
cells act as potent sources of IFN-y in this IFN-y—dependent
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disease. NK production of IFN-y may promote the expansion
and activation of macrophages; these activated macrophages
have the potential to phagocytose red blood cells, thereby driving
anemia and neonatal death (8). Thus, it remains unclear how
similar the NK cell populations are in TLR7-driven vs. TLR9-
driven disease. In studies examining patients with active SLE or
juvenile rheumatoid arthritis, circulating NK cells are potent
IFN-y producers, but the frequency of these cells is low (37, 38),
making it challenging to determine whether NK cells have a
protective or disease-promoting role during different stages of
autoinflammatory disease.

Our study suggests that inappropriately activated NK cells can
contribute to autoinflammatory responses. Further investigation
into the specific mechanisms leading to NK cell expansion and
type II IFN-mediated inflammation in human patients may help
identify the most opportune stage of disease at which to administer
therapeutics.

Methods

The study methods are described in detail in S/ Appendix. Mice were housed
under specific pathogen-free conditions at the University of California (UC)
Berkeley. All mouse experiments were approved by and performed in ac-
cordance with the guidelines of the Animal Care and Use Committee at UC
Berkeley. Unless noted otherwise, mice were analyzed as neonates (e18.5 to
1 to 3 h postbirth) or as adults (6 to 12 wk). Timed pregnancies were esti-
mated considering the day of vaginal plug formation as 0.5 d postcoitus.
TLR9®™ and TLR9™™WT knockin mice were generated by the UC Davis Mouse
Biology Program. For cell staining, dead cells were excluded using DAPI
(Thermo Fisher Scientific), and all stainings were performed in flow cytom-
etry buffer including anti-CD16/32 Fc blocking antibody (2.4G2; UCSF
Antibody Core) and normal mouse serum (Sigma-Aldrich). Cells were
stained for 30 min at 4 °C with antibodies. All cells were analyzed on an
LSRFortessa X-20 flow cytometer (BD Biosciences), and data were analyzed
with FlowJo (TreeStar). For blood hemoglobin analysis, 10 pL of neonatal
blood was collected immediately postsacrifice. Hemoglobin blood levels
were measured using an AimStrip hemoglobin testing system (Germaine
Laboratories; catalog no. 78200). For secreted cytokine analysis, fetal liver
cells were collected, processed, and incubated in tissue culture-treated
wells for 4 h. Suspension cells were removed, and adherent cells were in-
cubated for an additional 14 h. Supernatants were collected and analyzed
using the 36-plex Luminex Mouse Inflammation Kit (ProcartaPlex; catalog no.
EPX360-26092-901).

Data Availability. All data are available in the paper and SI Appendix.
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