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Rapid and relaying deleterious effects of a
gastrointestinal pathogen, Citrobacter rodentium,
on bone, an extra-intestinal organ
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A gut pathogen causes pathology in an extra-intestinal organ
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SUMMARY

Enteropathogenic infections cause pathophysiological changes in the host but their effects beyond the
gastrointestinal tract are undefined. Here, using Citrobacter rodentium infection in mouse, which mimics hu-
man diarrheal enteropathogenic Escherichia coli, we show that gastrointestinal infection negatively affects
bone remodeling, leading to compromised bone architecture. Transmission of infection through fecal-oral
route from Citrobacter rodentium-infected to non-infected mice caused bone loss in non-infected cage
mates. Mice with B cell deficiency (Igh6—/— mice) failed to clear C. rodentium infection and exhibited
more severe and long-term bone loss compared to WT mice. Unbiased cytokine profiling showed an increase
in circulating tumor necrosis factor o (TNFa) levels following Citrobacter rodentium infection, and immuno-
neutralization of TNFa prevented infection-induced bone loss completely in WT and immunocompromised
mice. These findings reveal rapid, relaying, and modifiable effects of enteropathogenic infections on an ex-
traintestinal organ—bone, and provide insights into the mechanism(s) through which these infections affect
extraintestinal organ homeostasis.

INTRODUCTION the inception of life and, thereafter, the bacterium and the

host remain in a mutually beneficial relationship.1 The patho-
Escherichia coli (E. coli) is the predominant gram-negative genic strains of E. coli, when acquired, attack and invade the in-
anaerobic bacterium in human colonic flora. It typically colo- testinal mucosa and secrete toxins, leading to exudation of
nizes the gastrointestinal (Gl) tract of infants within hours of water and electrolytes, causing enteritis and resulting in

':L iScience 28, 111802, February 21, 2025 © 2025 The Author(s). Published by Elsevier Inc. 1
- This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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~1,000,000 deaths per year.>® Immunocompetent hosts are
capable of clearing the infection within few days or weeks.”
Transmission of pathogenic E. coli to other individuals, often
via the fecal-oral route or unhygienic food preparations, leads
to deadly outbreaks, particularly in children, the elderly, and
immunocompromised individuals.”* Human mucosal infec-
tions with enteropathogenic and enterohemorrhagic E. coli
(EPEC/EHEC) are effectively modeled in mice using a bacterial
pathogen, Citrobacter rodentium (C. rodentium).>”" Similar to
EPEC and EHEC, C. rodentium infection progresses through
colonization, symptomatic, and convalescent phases.® At the
cellular level, cells of the adaptive immune system, such as B
lymphocytes, make important contributions in protecting
against C. rodentium infection, and mice depleted of B lympho-
cytes have an impaired ability to clear the infection.”~'? The
pathophysiological consequences of C. rodentium infection
beyond the gut remain poorly understood.

In humans, changes in the gastrointestinal microbiome, such
as those seen in antibiotic challenges or colitis, are associated
with low bone density.'®"'* Bones are an integral component of
the vertebrate organ system that perform many functions, from
supporting soft organs to affecting functions of other or-
gans."®"'" To perform these functions, bones are constantly re-
newed through the process of bone remodeling (BR), which
comprises bone resorption by osteoclasts followed by bone for-
mation by osteoblasts.'®* Any dysregulation in BR that occurs
as part of normative aging or due to other physiological perturba-
tions leads to osteoporosis, a generalized decrease in bone den-
sity resulting in an increased risk of fractures, especially in the
elderly."®2* While nutritional and genetic aspects of osteopo-
rosis have been well described, it is increasingly becoming
apparent that environmental risk factors, immune dysregulation,
and gastrointestinal perturbations play an important role in the
pathogenesis of osteoporosis.”* > The role(s) of host-pathogen
interactions, such as those elicited by C. rodentium, and associ-
ated mechanisms, in regulating bone density are unknown.

During the process of bacterial clearance from the gastroin-
testinal tract, immune cells produce cytokines, such as tumor
necrosis factor o (TNFa) and CCL2, and lipids, such as PGE2,
which are crucial for microbial clearance in a number of mucosal
and systemic models, including infection with C. rodentium.?°-*°
TNFa is an established immune modulator in normal and chronic
inflammatory situations, including gastrointestinal inflamma-
tion.®" In certain inflammatory conditions, TNFa has been shown
to induce bone loss through a decrease in the number and func-
tion of osteoblasts, and causes an increase in the differentiation
and function of osteoclasts.®>® Thus, TNFa blockade can
potentially limit or reverse bone loss under inflammatory condi-
tions.®>" 9 The effect of enteropathogenic infections on periph-
eral organ homeostasis, such as bone, under healthy orimmuno-
compromised conditions, and the significance of TNFa and B
lymphocytes in this process is undefined.

Using a mouse model of C. rodentium that mimics EPEC/
EHEC infections, we show that this infection leads to rapid
bone loss, and transmission of infection to uninfected cage-
mates decreases their bone volume, as well. Furthermore, our
results show that immunocompromised B cell-deficient mice
have more severe and sustained bone loss following infection.
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Through immunoneutralization studies, we illustrate a critical
role of circulating TNFe in infection-induced bone loss.

RESULTS

C. rodentium infection causes bone loss in wild-type
mice

To investigate the plausible role of host-microbe interactions in
the pathogenesis of enteropathogenic infections beyond the
gut, we used a mouse model of C. rodentium infection, which
mimics enteropathogenic and enterohemorrhagic E. coli infec-
tions observed in humans.® To assess the effect of
C. rodentium infection on bone health, 6 weeks-old adult
C57BI/6J wild-type (WT) mice were orally inoculated with a sin-
gle dose (200 pL) of vehicle or C. rodentium suspension (Fig-
ure 1A). We first confirmed C. rodentium infection dynamics by
analyzing salient features, viz. fecal bacterial load, gastrointes-
tinal pathology, and peripheral organ colonization (for a detailed
description of C. rodentium infection dynamics and colon histo-
pathology, please see previous studies by others and us®“°).
Bacterial shedding curve analysis in the feces estimated using
the C. rodentium colony forming assay revealed that bacterial
numbers peaked within 1 week of infection (1.0 E+06 to 1.0
E+08 CFU/mL of feces), the levels remained elevated till the sec-
ond week, and declined thereafter to their lowest levels by the
third week (Figure 1B). Although C. rodentium was not detect-
able in the bone and blood at any stage post inoculation, it
was detectable, albeit at levels >100,000-fold lower compared
with those in the colon, in the spleen and liver, collected on
D12 from infected mice (Figure 1C). Four weeks post infection,
bacteria were not detected in the colon or in any other peripheral
organs tested (Figure 1C). We confirmed that changes in bacte-
rial colonization of the gut also reflected changes in colon weight
and colonic hyperplasia, which is known to be associated with
C. rodentium infection (Figures 1D and S1A). Notably,
C. rodentium-infected mice had no explicit differences in the ter-
minal body weight (BW) acquisition (2.4 + 0.2 g versus 2.2 + 0.4
g) and appetite (on day 14) (3.1 + 0.5 g versus 2.9 + 0.2 g) with
respect to that in vehicle controls. These results confirmed that
C. rodentium inoculation in WT mice leads to rapid intestinal
colonization within few days; some bacteria at the peak of infec-
tion leak to other peripheral organs, such as the liver and spleen,
but not to the bone, and infection is cleared by 4 weeks post-
inoculation in WT mice.

We next analyzed the bone architecture in C. rodentium-in-
fected and control WT mice, 4 weeks post-oral inoculation.
Bone histological and histomorphometric analysis of trabec-
ulae-rich bones (vertebra) revealed a significant decrease in
trabecular bone volume in C. rodentium-infected female mice
compared with that in controls (Figure 1E). A similar decrease
in trabecular bone volume was noted in male mice after infection
(Figure 1F). Analysis of long bone architecture in infected mice
using the micro-computed tomography (uCT) analysis revealed
a decrease in trabecular bone volume (BV/TV%), characterized
by a decrease in trabecular number (Th.N.), trabecular thickness
(Tb.Th.), and an increase in trabecular separation (Figure S1B).
Analysis of cortical thickness (Ct.Th.) in the femur revealed a
decrease in the infected mice compared with that in controls
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Figure 1. Citrobacter rodentium infection of the gut causes bone loss in wild-type mice

(A) Schematic representation of the experimental regimen.

(B) Bacterial shedding analysis using the colony forming unit (CFU) assay in feces at different time points post inoculation of vehicle/C. rodentium in wild-type (WT)
mice.

(C) The CFU assay in feces and blood collected on day 12, and in the spleen, liver, and bone collected on day 12 and 28 from WT mice inoculated with vehicle/
C. rodentium. Scale bar, 20 mm.

(D) Representative images showing the colon histology, 2 weeks post vehicle/C. rodentium inoculation in WT mice and colonic hyperplasia in infected mice. Scale
bar, 100 um.

(E and F) Representative images of lumbar 4 vertebra, with quantification of bone volume to total volume percentage (BV/TV %) in female (E) and male (F) WT mice,
4 weeks post vehicle/C. rodentium inoculation. Scale bar, 1 mm.

(G-I) Toluidine blue staining of osteoblasts with quantification of Ob.N./T.Ar. and Ob.S./BS showing reduced osteoblast numbers and surface on bone (G), calcein
double labeling detecting bone formation fronts, and quantification of bone formation rate and mineral apposition rates (H), and tartrate-resistant alkaline
phosphatase-stained osteoclasts (red), with quantification of osteoclast numbers per bone perimeter, osteoclast surface per bone surface (Oc.S./BS), and serum
deoxypyridinoline levels (l) in bones of female mice, 4 weeks post vehicle or C. rodentium inoculation. Osteoblasts are marked with arrows, and osteoclast surface
with red line on the bone surface (dotted lines). Scale bar, 20 um (G). Scale bar, 50 um (H). Scale bar, 20 um (l). Values are mean + SEM. n for each group is
indicated within each panel. *p < 0.05.

were higher in the infected mice (Figure 11). Together, the results
of bone histological analysis suggest that C. rodentium infection

(Figure S1B). To identify changes in the bone cell types (osteo-
blasts, bone forming cells; osteoclasts, bone resorbing cells)

involved in bone loss following C. rodentium infection, we per-
formed histological analysis of trabecular bone in vertebrae.
Analysis of osteoblast parameters in the bones of infected
mice showed >1.6-fold decrease in osteoblast numbers per
trabecular area (Ob.N./T.Ar.), and osteoblast surface per bone
surface (Ob.S./T.Ar.) compared with that in controls (Figure 1G).
Accordingly, bone formation (BFR) and mineral apposition rates
(MAR), which are measures of the activity of osteoblasts, were
decreased in infected mice compared with that in controls (Fig-
ure TH). C. rodentium infection also affected bone resorption pa-
rameters because osteoclast numbers and surface per bone
surface as well as serum levels of deoxypyridinoline (Dpd)

causes bone loss, in both sexes, through a concomitant
decrease in bone formation and an increase in bone resorption
parameters.

Transmission of C. rodentium infection causes bone
loss in initially uninfected WT cage mates

In human pathogenic strains of E. coli are transmitted from in-
fected to uninfected humans through unhygienic food prepara-
tions. In mice, enteric bacterial infections are rapidly trans-
mitted to non-infected cage mates due to their coprophagic
behavior. We, therefore next asked whether cohousing
C. rodentium-inoculated mice with non-inoculated mice

iScience 28, 111802, February 21, 2025 3
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Figure 2. Transmission of Citrobacter rodentium infection causes low bone volume in initially uninfected cage-mates

(A) Schematic representation of the experimental regimen used.

(B and C) Bacterial shedding analysis using the colony forming unit (CFU) assay in feces at different time points (B), and bacterial CFU analysis at day 16 in feces
(C) post vehicle/C. rodentium inoculation in infected and uninfected cage mates. Scale bar, 20 mm.
(D) Histological and histomorphometric analysis of lumbar 4 vertebra, with quantification of bone volume over total volume % (BV/TV%). Scale bar, 1 mm

(E) 3D nCT images of proximal tibia, with quantification of bone volume over total volume % (BV/TV%), trabecular numbers (Tb.N.), trabecular thickness (Tb.Th.),
trabecular separation (Tb.Sp.), and cortical thickness (Ct.Th.), 4-week post vehicle/C. rodentium inoculation in infected and uninfected cage mates. Scale bar,
1 mm.

(F-H) Representative photomicrographs of toluidine blue-stained osteoblasts and quantification of osteoblast numbers per trabecular area (Ob.N./T.Ar.) (F), bone
formation rate (BFR) and mineral apposition rate (MAR) (G), and osteoclast surface per bone surface % (OcS/BS%) (H) 4-week post vehicle or C. rodentium
inoculation in infected and initially uninfected cage mates. Scale bar, 20 um (F). Scale bar, 50 um (G). Scale bar, 20 um (H). Values are mean + SEM. n for each

group is indicated within each panel. *p < 0.05.

causes bone loss in cage-mates not initially infected with
C. rodentium. To address this question, we inoculated two
mice with C. rodentium culture and two other mice in the
same cage with vehicle (Figure 2A). Seven such cages, with a
total of 14 mice initially inoculated with C. rodentium culture
and 14 mice inoculated with vehicle were used. Colony forming
assays using feces samples showed a rapid increase in
C. rodentium in the feces of C. rodentium-inoculated mice,
which as expected, proceeded to a delayed increase in
C. rodentium in the feces of vehicle-inoculated cage mates
(Figures 2B and 2C). Body weight was not significantly affected
in C. rodentium-infected mouse groups compared with that in
non-infected controls (Figure S2A). Bone histomorphometric

4 iScience 28, 111802, February 21, 2025

analysis, 4 weeks post-oral inoculation, revealed that trabec-
ular bone volume measured using histology (Figure 2D), and
trabecular and cortical parameters of long bone measured us-
ing uCT (Figure 2E) were decreased in both C. rodentium- and
vehicle-inoculated cage mates that subsequently contracted
the infection compared with those in vehicle-treated non-
cage mate controls. Histological and histomorphometric ana-
lyses of vertebrae revealed a decline in osteoblast parameters
(osteoblast number, bone formation, and MAR; Figures 2F and
2G), and an increase in osteoclast parameters (Figure 2H).
These results show that contraction of C. rodentium infection
leads to bone loss even in cage mates that were not originally
infected with C. rodentium.
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Figure 3. Immunocompromised mice that lack B cells (Igh6—/—) show more severe and sustained bone loss than wild-type (WT) mice
following Citrobacter rodentium infection

(A) Schematic representation of the experimental regimen used and bacterial shedding analysis using the colony forming unit (CFU) assay in feces at different time
points in WT (uninfected), WT (infected), Igh6—/— (uninfected), and Igh6—/— (infected) mice.

(B) Colony forming unit (CFU) assay in feces, bone, spleen, and liver at day 42 post vehicle or C. rodentium inoculation in WT (uninfected), WT (infected), Igh6—/—
(uninfected), and Igh6—/— (infected) mice. Scale bar, 20 mm.

(C and D) 3D uCT images of proximal tibia, with quantification of bone volume over total volume percentage (BV/TV%) and cortical thickness (Ct. Th.) 4-
7-week (D) post vehicle/C. rodentium inoculation in WT or Igh6—/— mice. Scale bar, 1 mm.

(E) Histological and histomorphometric analysis of lumbar 4 vertebra (Scale bar, 1 mm), with quantification of bone volume over total volume % (BV/TV%),
osteoblast numbers per trabecular area (Ob.N./T.Ar. Scale bar, 20 um), bone formation rate (BFR; Scale bar, 50 um), mineral apposition rate (MAR), and
osteoclast surface per bone surface % (OcS/BS%; Scale bar, 20 pm) 7-week post vehicle/C. rodentium inoculation in WT or Igh6—/— mice. Representative

(C) and

micrographs for different histological analysis are shown in panel E. Values are mean + SEM. n for each group is indicated within each panel. *o < 0.05.

Immunocompromised Igh6—/— mice that lack B cells
show a more severe and sustained bone loss following
C. rodentium infection

The lymphocytic host response to C. rodentium infection is char-
acterized by mucosal infiltration of immune cells, which is fol-
lowed by an inflammatory response and clearance of bacteria
from the lumen, approximately 4 weeks post infection. B lym-
phocytes have been shown to be responsible for the clearance
of C. rodentium from the intestinal lumen approximately 4 weeks
post challenge in the WT mice, and in the absence of B cells, as
in Igh6—/— mice, bacterial infection is sustained at least up to
8 weeks.®*! We, therefore, used B cell-deficient mice to investi-

gate whether these mice would exhibit a more severe bone loss
at 4 weeks following C. rodentium infection and whether this ef-
fect would be sustained for a longer time compared with that
seen in the WT mice.

WT and Igh6—/— mice were inoculated with vehicle or
C. rodentium cultures and sacrificed at 4- and 7-week post infec-
tion (Figure 3A). We first measured salient features of infection
susceptibility of Igh6—/— mice using CFU analysis in the feces,
liver, spleen, and bone at 1-, 3-, and 7-week following oral chal-
lenge. A detailed description of infection susceptibility of the Gi
tract and other peripheral organs to C. rodentium infection of
Igh6—/— mice has been previously provided by others and

iScience 28, 111802, February 21, 2025 5
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us.”'? The results showed that B cell deficiency led to a sus-
tained infection, and that fecal bacterial load remained high at
4- and 7-week post inoculation, time points at which infected
WT mice had the lowest bacterial load (Figures 3A and 3B, and
S3A-S3D). This analysis also showed that, following inoculation,
bacterial load was comparable between WT and Igh6—/— mice
in the feces, but was much higher in the spleen and liver of
Igh6—/— mice compared with that in the WT mice (Figures 3B
and S3A-S3C). No bacteria were detected at any time point
post inoculation in the bone tissue (Figures 3B and S3D).

After confirming that the absence of B cells caused impaired
clearance of bacteria in Igh6—/— mice, we compared the bone
volume and architecture in Igh6—/— mice with that in WT mice
at 4- and 7-week post C. rodentium infection. At 4-week post
infection, analysis of long bone architecture using uCT revealed
that vehicle-administered B cell-deficient mice have a lower BV/
TV% and Ct. Th. as compared with WT litter-mate controls (Fig-
ure 3B)—a result consistent with a previous report.*> At 4 weeks
post infection, Igh6—/— mice had a more profound decrease in
the BV/TV% compared with that in WT infected mice (Figure 3C).
Due to sustained infection, Igh6—/— mice, even after 7-week
post C. rodentium inoculation—a time point at which WT in-
fected mice had no fecal bacterial load, and comparable bone
parameters to vehicle inoculated WT controls—had compro-
mised bone architecture parameters (Figures 3A, 3D, and S3A-
S3D). Bone histological analysis of the vertebrae showed that
low bone architecture of Igh6—/— mice affected trabecular
bone volume and was caused by a decrease in osteoblast pa-
rameters (osteoblast numbers, bone formation, MAR), and an in-
crease in osteoclast parameters (Figure 3E). Bone formation
decreased further in C. rodentium-infected B cell-deficient
mice compared with that in vehicle-inoculated B cell-deficient
mice at 7 weeks (Figure 3E). The presence of higher bacterial
load following infection in extraintestinal organs, together with
more drastic bone loss in Igh6—/— compared with that in WT
mice, suggests that inflammation of other organs could
contribute more to the C. rodentium infection-induced bone
loss in Igh6—/— mice relative to that seen in WT mice following
infection (Figures 3B and S3A-S3D). We note here that trabec-
ular bone loss in the long bones (Figure 3D) are much more pro-
nounced compared to what is seen in the vertebra (Figure 3E).

C. rodentium infection-induced bone loss is associated
with increased levels of TNFa

Our analysis indicated that in C. rodentium-infected mice, at
least during the initial stages of infection, colon environment se-
cretes molecule(s) in circulation that cause bone loss. To identify
the proinflammatory or other cytokines that are associated with
infection-induced bone loss, we performed longitudinal cytokine
profiling of sera collected from control and C. rodentium-in-
fected mice at 1-, 2-, and 4-week post infection (Figure 4A).
The results showed that C. rodentium infection caused a signif-
icant increase in serum levels of TNFa and a decrease in
RANTES levels at 7 days post infection (Figure 4B), when infec-
tion was at its peak, as shown in Figure 1B. Serum levels of TNFa
peaked within 1-week post-infection and declined gradually,
thereafter (Figure 4C), suggesting that TNFa could be one of
the cytokines involved in bone loss observed post
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C. rodentium infection. We reasoned that if TNFa is involved in
this process, then Igh6—/— mice that show more sustained
bone loss up to 7 weeks would show higher TNFa levels at
that time point. Conversely, WT mice that reverted back to
normal gut flora and bone architecture by 7 weeks would show
normal TNFa levels. Indeed, TNFa levels in serum and the
expression of TNFa gene in the colon showed a sustained in-
crease in B cell-deficient mice at 4- and 7-week post infection,
whereas the levels in WT infected mice were equivalent to those
in uninfected WT controls (Figures 4D and S4A).

These findings suggest a plausible model in which spiked
levels of TNFo secreted by the immune cells in the colon environ-
ment, and possibly in other organs, could contribute toward Cit-
robacter infection-induced bone loss.

A TNFa neutralizing antibody prevents C. rodentium
infection-induced bone loss in WT and B cell-deficient
mice

Does increased circulating levels of TNFa contribute toward
bone loss following C. rodentium infection of the gastrointestinal
tract? To address this question, we administered a neutralizing
antibody against TNFa. through intravenous route a day before
the C. rodentium inoculation, and weekly thereafter until the
mice were sacrificed at 4 weeks. Administration of TNFa neutral-
izing antibody to WT or Igh6—/— uninfected mice did not affect
their trabecular bone volume in long bones (uCT analysis)
compared with that in controls (Figure S4B). In addition, cohous-
ing Igh6—/— with WT mice for 4 weeks prior to C. rodentium
infection did not affect the magnitude of bone loss, indicating
that basal changes in the microbial population did not affect
the response of Igh6—/— mice to C. rodentium infection-induced
decrease in bone architecture (Figure S4C). Moreover, colon pa-
thology and serum cytokine profile in Igh6—/— mice under base-
line uninfected conditions were similar to that seen in WT mice.®
Analysis of fecal bacterial load on day 14 in WT infected mice that
received either TNFa antibody or vehicle showed that TNFa
neutralization did not affect the infection dynamics (Figure S4D);
this observation suggests that clinical course of the disease is
not affected by the anti-TNFo treatment, and is consistent with
the findings in a previous study.** Bone histomorphometric anal-
ysis of vertebrae, 4 weeks post infection, showed decreased
trabecular bone volume in vehicle-injected C. rodentium-in-
fected mice (Figure 4E). In contrast, mice that were inoculated
with C. rodentium and received weekly TNFo neutralizing anti-
body had a bone architecture similar to that in the uninfected
WT controls (Figure 4E). This prevention of bone loss in TNFa.
neutralizing antibody-treated mice was associated with a
normalization of osteoblast and osteoclast parameters
(Figures 4E and S4E). Micro-computed tomography analysis of
the tibia revealed that administration of TNFa. neutralizing anti-
body prevented bone loss in the appendicular skeleton, as well
(Figure 4F). Administration of TNFa. neutralizing antibody in the
WT uninfected mice did not affect bone mass in the appendicular
skeleton (Figure S4F).

We next investigated whether TNFa. mediates bone pathology
in a non-infectious colitis model. For this purpose, we
treated mice with dextran sodium sulfate (DSS), a molecule
that severely compromises intestinal barrier leading to “systemic
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Figure 4. Tumor necrosis factor o (TNFa) mediates Citrobacter rodentium infection-induced bone loss

(A) Schematic representation of the experimental regimen and heatmap showing levels of various cytokines in wild-type (WT) mice at 1-, 2-, and 4-week post
vehicle/C. rodentium inoculation.

(B) Bubble plot showing levels of cytokines in WT mice at 1 week post vehicle/C. rodentium inoculation.

(C) TNFa levels in WT mice at 1-, 2-, and 4-week post vehicle/C. rodentium inoculation.

(D) TNFa levels in WT or Igh6—/— mice at different time points post vehicle or C. rodentium inoculation.

(E and F) Histological and histomorphometric analysis of lumbar 4 vertebra (Scale bar, 1 mm), with quantification of BV/TV%, Ob.N/T.Ar, Oc.S/BS%, and serum
osteocalcin levels (E), and 3D uCT images of proximal tibia, with quantification of BV/TV% and Ct. Th. (F) 4 weeks post vehicle/C. rodentium inoculation in WT
mice with or without weekly intravenous injections of TNFa neutralizing antibody. Scale bar, 1 mm.

(G) Disease activity index [DAI] score during the course of a noninfectious colitis inducing chemical dextran sodium sulfate (DSS; 2 weeks), and following recovery
period of 6 weeks.

(H) 3D uCT images of proximal tibia, with quantification of BV/TV% and Ct.Th. at 2 and 8 weeks in the DSS-induced colitis model. Scale bar, 1 mm.

(I) Serum TNFa levels at 2 and 8 weeks in vehicle [V] or DSS [D] challenged mice in DSS-induced colitis model.

(J) Histological analysis of lumbar 4 vertebra, with quantification of BV/TV%, 3 weeks post vehicle/DSS administration in WT mice with or without weekly
intravenous injections of TNFa neutralizing antibody. Values are mean + SEM. n for each group is indicated within each panel. *p < 0.05; **p < 0.01.

inflammation” and colitis.***> DSS treatment for two weeks
rapidly decreased body weight, and increased disease activity
index (DAI) score reflected in increased colon damage, epithelial
disintegration, and inflammatory cell infiltration compared to
controls (Figures 4G and S4G). The pCT analysis of long bones
and vertebra histology revealed that trabecular bone volume
was reduced in DSS-treated mice (Figures 4H and S4H). Surpris-
ingly, however, cortical thickness was not affected 2 weeks post
DSS, and was only decreased at 8 weeks in the DSS recovered
mice (Figures 4H and S41). Even after 4 weeks of DSS challenge
only a decrease in trabecular bone volume and not cortical thick-
ness was seen (Figure S4J). A comparison of bone pathology

caused by DSS-induced barrier damage and C. rodentium
mucosal infections in the intestine showed that trabecular
bone volume was more severely decreased by DSS treatment,
and cortical bone loss was more rapid following C. rodentium
infection compared with that in the DSS-induced colitis model
(Figures S4l, S4H, 4E, and 4F). Serum levels of TNFa were
increased after 2 weeks of DSS treatment, as was observed after
C. rodentium infection, and the levels returned back to normal af-
ter 6 weeks of recovery period (Figure 4l). Neutralization of circu-
lating TNFa, however, did not prevent DSS-induced trabecular
bone loss (Figure 4J). The latter result when viewed in the context
of differences in bone architectural changes and a major
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decrease in body weight in DSS versus C. rodentium infection
(Figures 4H, S4H, 4E, and 4F) indicates that other endocrine or
local factors, in addition to TNFa, are involved in DSS-induced
bone pathology.

We next investigated whether the observed increase in circu-
lating levels of TNFa in B cell-deficient mice following
C. rodentium infection contributes to accelerated bone loss in
these mice. Analysis of bones from 16-week-old Igh6—/— mice
treated with either a TNFa neutralizing antibody or vehicle,
before the C. rodentium infection showed that treatment with
the neutralizing antibody decreased infection-induced bone
loss in the Igh6—/— mice (Figure S4K). However, the bone vol-
ume in antibody-treated infected Igh6—/— mice were similar to
vehicle-injected uninfected /gh6—/— mice, and the bone volume
remained significantly lower than the vehicle-injected uninfected
WT mice (Figure S4K). When viewed in conjunction with no base-
line changes in gastrointestinal inflammation in Igh6—/— mice,
and considering the fact that B cells are produced and home in
bone marrow,*® these findings suggested that the baseline
decrease in trabecular bone volume and cortical thickness
following B cell deficiency and prior to infection could be origi-
nating within the bones, and that this process may be indepen-
dent of gut inflammation. Further supporting the role of B cells
within the bone was the fact that B cells produce osteoprotegerin
(OPG),"" a secreted factor that potently inhibits bone resorp-
tion.*® We measured OPG mRNA levels in the bone marrow
(BM) cells collected from WT and Igh6—/— mice. Results showed
that OPG mRNA levels were decreased by >70% in the whole
BM collected from 16-week-old Igh6—/— mice compared with
those in WT controls (Figure S4L). These results when viewed
in context of significant loss of bone density in OPG heterozy-
gous mice™® suggested that OPG insufficiency could contribute
to bone loss in 16-week-old Igh6—/— mice. To determine the
specific contribution of compromised production of B cell-
derived OPG in low bone volume in 16-week-old Igh6—/—
mice, we performed a rescue experiment in which 6-week-old
Igh6—/— mice that are deficient in B cells were replenished
with WT B cells through adoptive transfer. Analysis of Igh6—/—
mice 8 weeks after B cell replenishment revealed that the B
cell transfer normalized OPG levels and rescued bone volume
in Igh6—/— mice to the levels seen in controls (Figures S4L
and S4M).

The previously analysis shows that the low baseline bone den-
sity seen in the B cell deficient Igh6—/— mice is caused by an
impaired production of B cell-derived OPG within the bones.
However, the low bone density observed at the baseline in
16-week-old B cell-deficient mice was a confounding factor
and limited the assessment of specific contribution of TNFa in
causing bone loss in Igh6—/— mice following C. rodentium infec-
tion. To circumvent this problem, we utilized younger 6-week-old
B cell-deficient mice, which did not show a compromised bone
architecture (Figure S4N), for TNFoa immunoneutralization
following infection. C. rodentium infection induced a decline in
bone volume in vehicle-injected Igh6—/— mice, but animals
administered TNFa antibody showed bone volumes similar to
that in uninfected WT controls (Figure S4N). Together, these re-
sults show that the observed rise in circulating TNFa. levels post
C. rodentium infection is one of the key events that is responsible

8 iScience 28, 111802, February 21, 2025

iScience

for the decrease in bone architecture in WT and young B cell-
deficient mice. In the older B cell-deficient mice although the
infection-induced bone loss is recovered through TNFa immuno-
neutralization the baseline bone loss caused by a B cell depen-
dent changes in OPG production remains. Together, the results
in young and old B cell deficient mice illustrate importance of B
cells in intestinal infection-induced bone loss during rapid
growth phase of bone as in young mice and in more homeostatic
changes in bone as seen in older B cell-deficient mice.

DISCUSSION

The main findings of the present study are that C. rodentium
infection causes bone loss in WT mice, and that the loss is
more severe and long-term in immunocompromised B cell-defi-
cient mice. C. rodentium infection is restricted mostly to the gut;
however, some bacteria, albeit very less, do leak at the peak of
infection to other organs, but not to the bones. Infection-induced
changes in bone architecture were observed much later after the
infection had been completely cleared from the system in the WT
mice, suggesting that the effect of a gastrointestinal pathogen
lasts much longer after the pathogen has been cleared from
the host. Cytokine and cellular phenotyping analyses showed
that circulating TNFa plays an important role in infection-induced
changes in bone architecture in WT mice, and due to compro-
mised bacterial clearance, the infection causes more severe
and sustained bone loss in immunocompromised conditions.

The beneficial effects of intestinal symbiotic microflora on BR
have been known for some time®®°"; however, to our knowledge
this is the first report that shows an effect of a gastrointestinal
pathogen on the bone. Our results show that during the initial
stages of C. rodentium colonization, infection is restricted to
the gut lumen (days 2-3). However, at later stages of infection,
some bacteria cross the gut barrier and colonize, although mini-
mally, the liver and spleen, but not the bone (day 14 post infec-
tion). In the B cell-deficient genetic mouse model, the gut barrier
is further compromised, and bacteria affect systemic tissues
more prominently, albeit at 3- to 4-fold lower levels, and are
detectable in the liver, spleen, and lymph nodes, but not in the
bone. Therefore, an increase in inflammation of other peripheral
organs, viz., the liver and spleen, could contribute to the
C. rodentium infection-induced inflammation culminating in
bone loss in mice. We note that we only analyzed long bones
for bacterial load, and it is possible that other bones could
have C. rodentium colonization. Moreover, owing to technical
limitations in obtaining a large amount of blood from WT infected
mice, it is very much possible that some bacteria could be pre-
sent in the circulation.

Analysis of bone loss in non-infectious DSS-induced colitis
model reveals that the structural and molecular basis of bone pa-
thology in this model is different from that seen after mucosal
C. rodentium infection. First, DSS model severely compromises
the intestinal barrier and leads to a major decrease in body
weight, which is not affected by C. rodentium infection. Second,
DSS treatment induced a decrease only in trabecular but both
trabecular and cortical bones were rapidly decreased following
C. rodentium infection. Third, although TNFa neutralization
completely prevented bone loss in the C. rodentium infection
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model, it did not affect bone loss caused by DSS-induced colitis,
suggesting that in the DSS-induced bone loss model other yet to
be identified components, such as immune cells, pro-inflamma-
tory cytokines, or nutritional axes might contribute to bone loss.
For instance, DSS-induced gut inflammation also drives, in the
gut-associated lymphoid tissues,”®*® the differentiation of
Th17 cells, which have been shown to contribute to bone loss
in the murine periodontitis model®* and human.>*-*® Malabsorp-
tion of some nutrients, such as vitamin B4, from ileum,®” a part of
small intestine affected by DSS,*® that positively regulate bone
architecture,®® may further compound bone regulation in the
DSS model. We, however, acknowledge the fact that these dif-
ferences noted between C. rodentium- and DSS-induced colitis
models may differ in other models of non-infectious colitis.
These questions need to be addressed in future studies.

How does infection restricted to non-skeletal organs affect the
bone volume? Our unbiased cytokine profiling showed that
spiked levels of TNF« in the blood contribute to bone loss
following infectious colitis. Given that some bacteria are present
in other organs, such as the liver and spleen, TNFa secreted from
these organs, at the peak of infection, could potentially
contribute to bone loss. These changes in cytokine levels are
in concordance with previous reports of a post infection increase
in serum TNFa. levels.®° However, our studies do not rule out that
other circulating molecules besides TNFo could also contribute
to bone loss in C. rodentium-induced colitis models because in
this model, the beneficial effects exerted by endogenous gut mi-
crobiota, such as serotonin, and IGF-1 synthesis, could also be
compromised®’#2°": 8 Although we did not determine the
cellular source of TNFw in this study, previous studies have
shown that TNFa* T cells and Th17 cells can affect bone volume
under certain conditions, such as gonadal failure.?® It is also
possible that colon-resident immune cells or those that cause
an inflammatory response in other organs, such as the spleen
and liver, during infectious colitis can increase circulating TNF«
levels that could contribute to bone loss.®® Future studies are,
thus, needed to identify the immune cell repertoire that secretes
TNFa in the circulation, in different organs, and possibly in the
bone marrow, as it may provide means to neutralize spiked
TNFa. levels without compromising infection clearance and
would restrict extraintestinal damages caused by infectious
colitis.

Although our data show that TNFa levels are increased in
parallel with bone loss induced by C. rodentium in B cell-defi-
cient mice up to 7-week post infection, TNFa alone is not
entirely responsible for the sustained infection-induced bone
loss in 16-week-old B cell-deficient mice because the adminis-
tration of TNFa-neutralizing antibodies only partially protected
the mutant mice from infection-induced bone loss. Indeed,
our analysis further highlights that B cell deficiency regulates
BR locally in the older mice through a compromised synthesis
of OPG, a factor secreted by B cells. The beneficial role of B
cells in the BR during normative aging in the present and previ-
ous studies”? is in contrast to their detrimental roles in cell func-
tions in some other organ systems.®® However, in younger
6-week-old mutant mice, OPG produced by the B cells does
not appear to contribute in any significant way to BR, and
thus the young mutant mice have normal bone volume at the
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baseline. Importantly, younger 6-week-old mutant mice also
showed accelerated bone loss following C. rodentium infec-
tion, and TNFa neutralization completely prevented bone loss
caused by infection suggesting that impaired clearance of bac-
teria following B cell deficiency causes long-term bone loss and
that increased TNFa levels mediate bone loss in this model as
well. Our findings of increased susceptibility of bone tissue to
C. rodentium infection in an immunocompromised condition
associated with elevated TNFa levels may be relevant for clin-
ical conditions, such as infections in immune-compromised pa-
tients, infants, and young animals who are unable to clear the
infections.®>~%7

The cellular organization of an organism is complex and inter-
organ communications affect their (patho)physiology. Using
C. rodentium infection in mice as a model, we illustrate that
gastrointestinal infection affects extra-intestinal organ physi-
ology, such as bone, long after the infection has been cleared
from the host. With the newfound understanding that pathogenic
C. rodentium infections affect the bone volume in a mouse
model, it will now be important to analyze the changes in BR
following E. coli infections in humans, especially under immuno-
compromised conditions. Furthermore, it will now be crucial to
identify genes and pathways, the contribution of other organs,
if any, and other endocrine factors besides TNFa, that underlie
bone loss induced by C. rodentium. Additionally, future studies
need to address whether other enteropathogenic infections
have similar deleterious effects on bone, and whether immuno-
neutralization of TNFa in a curative regimen will treat extraintes-
tinal pathologies caused by these pathogens. Our study high-
lights the need to look at other organs beyond the bone that
may be affected as a result of gastrointestinal infections despite
not showing the presence of bacteria.

Limitations of the study

In this work, we have provided evidence that gastrointestinal
infection by C. rodentium, which is restricted to the gut and
mimics human diarrheal enteropathogenic E. coli, causes dele-
terious changes in bone, an extraintestinal organ. We also pro-
vide insights on how infection leads to secretion of inflammatory
cytokine TNFa. that contributes to bone loss, and suggest TNFa
neutralization as a potential therapeutic target in controlling ex-
traintestinal pathologies caused by such infections. Three of
the limitations that will be addressed in the immediate future
are: how TNFa action on bone cells underlies infection-induced
bone loss? Through the use of mouse genetic models of TNFa
action it needs to be determined whether TNF« is solely respon-
sible for infection induced bone loss or there are other factors
that contribute to this process, and lastly what is the evidence
that gastrointestinal infections may affect extraintestinal organs
in humans? More work is therefore needed to address these
important questions and our future studies will be focused on
these issues.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-TNFea antibody Biolegend, San Diego, USA MP6-XT22
Bacterial and virus strains

Citrobacter rodentium Pr. Frankel, Wiles et al.*° ICC180
Chemicals, peptides, and recombinant proteins

DSS MW 36-50 kDa MP Biomedicals, Santa Ana, CA 9011-18-1
Calcein Sigma C0875
Alizarin Red S Sigma A3882
TRIzol ThermoFisher 15596026
Critical commercial assays

Bio-plex Pro Mouse Cytokine Multiplex Assay BioRad Inc., Hercules, CA

TNFa ELISA kit Millipore Inc. EZMTNFA
Ocn Mouse ELISA Kit Abcam Inc ab285236
Experimental models: Organisms/strains

Mouse: C57BL/6J Jackson Laboratory JAX: 000664, RRID: IMSR_JAX:000664
Mouse: Igh6—/— in C57BL/6N background Jackson Laboratory

Oligonucleotides

TNFa. primers Sigma N/A
Forward-AAGCCTGTAGCCCACGTCGTA
Reverse-GGCACCACTAGTTGGTTGTCTTTG

OPG primers Sigma
Forward- ACAGTTTGCCTGGGACCAAA
Reverse- TCACAGAGGTCAATGTCTTGGA

Software and algorithms

Osteo measure software OsteoMetrics, Inc., GA, USA N/A
GraphPad Prism Version 8 GraphPad N/A
ImageJ NIH N/A
NRecon Bruker N/A
CTan Bruker N/A
mCT Vol Bruker N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and ethics approval

Six weeks-old C57BL/6J female and male mice obtained from the Wellcome Trust Sanger Institute breeding colonies or from The
Jackson Laboratory (Bar Harbor, Maine) were used for the studies. B cell-deficient mice on a C57BL/6N background, homozygous
for a targeted mutation in the gene for immunoglobulin heavy chain 6 (lgh6—/— mice),°® were bred at the Wellcome Trust Sanger
Institute from breeder mice originally obtained from The Jackson Laboratory. For experiments performed at the Columbia University,
Igh6—/— mice and controls were purchased directly from The Jackson Laboratory, acclimatized to the housing conditions for at least
1 week before being used for experiments. At no point, mice from different groups were cohoused. All animals had ad libitum access
to food and water. Animal husbandry and experimental procedures were conducted according to the United Kingdom Animals (Sci-
entific Procedures) Act of 1986. All procedures involving live mice were approved by the United Kingdom Home Office under the
United Kingdom Animal (Scientific) Procedures Act and by institutional ethical committees of Wellcome Sanger Institute (PPL80/
2479), Columbia University (AABO2550), and National Center for Cell Science (NCCS/IAEC/B358).
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METHOD DETAILS

Bacterial infection of mice

C. rodentium strain ICC180 was used in this study.’® Bacterial inoculums were prepared by culturing bacteria overnight at 37°C in
100 mL of Luria Bertani (LB) broth supplemented with nalidixic acid (100 ng/mL) on a bacterial shaker (220 rpm). Cultures were har-
vested by centrifugation and resuspended in a 1:10 volume of Dulbecco’s phosphate-buffered saline (D-PBS). Mice were orally inoc-
ulated under anesthesia using a gavage needle with 200 pL of overnight LB-grown C. rodentium suspension, 10X concentrated in
PBS (~5 x 10° cfu) or an equal volume of PBS. The viable count of the inoculum was determined by retrospective plating on LB
agar supplemented with nalidixic acid (100 pg/mL). Infection was monitored through biweekly/weekly feces collection, which
were homogenized in PBS, serially diluted, and plated onto nalidixic acid and kanamycin containing agar plates to ensure that the
colonies only resembled C. rodentium. These colonies were then counted to generate a shedding curve.

Measurement of the C. rodentium burden

At regular time points post infection, fecal samples from individual mice were collected in separate sterile micro-centrifuge tubes.
Fecal samples were weighed, and for every 0.01 g of feces, 100 pL of sterile PBS was added (for example, for 0.02 g of feces,
200 pL PBS was added). For the analysis, the liver, spleen, and bone samples were weighed and homogenized using a similar
scheme as used for feces. Between different organ homogenizations, hand gloves were changed and the homogenizer probe
was sanitized to avoid cross contamination. The fecal, liver, spleen, and bone samples were homogenized on a vortex and serially
diluted. The number of viable bacteria was determined based on viable count on LB agar containing nalidixic acid (100 pg/mL).

TNF« neutralizing antibody treatment

Wild type or Igh6—/— mice were administered 100 pg (2 x 10* units) of neutralizing anti-TNFa antibody (MP6-XT22; Biolegend, San
Diego, USA), diluted in 0.05 mL of sterile 1X PBS, through the intravenous route (tail), a day before the C. rodentium inoculation and
weekly, thereafter. The same experimental regimen was followed as described above for assessing the basal effect of neutralizing
anti-TNFa antibody administration on the bone in WT or Igh6—/— mice.

Dextran sodium sulfate-induced acute colitis in mice

Acute colitis was induced in WT C57BL/6J mice by administering DSS through the drinking water. Mice were treated with 2% (w/v)
DSS (MW 36-50 kDa; MP Biomedicals, Santa Ana, CA) for a week, followed by 1% DSS for another week. Mice were grouped into
four groups as follows: Control-8 weeks, DSS treatment followed by 6 weeks recovery, Control-2 weeks, and DSS treatment for
2 weeks. At no point, mice from different groups were cohoused. Development, progression, and recovery of colitis were monitored
daily by measuring weight loss, stool consistency, and bloody diarrhea as reported previously by us.® Mice were clinically scored
based on the disease activity index (DAI) score used to evaluate the DSS-induced colitis. The DAl was calculated as the total score
(body weight decrease + stool consistency + rectal bleeding) divided by 12.

Colon histology

Colon was collected from uninfected and infected mice at indicated timepoints, cleared of feces through flushing with 1X PBS, and
weighed with a sensitive balance to measure changes in colon weight. The terminal 0.5 cm of the colon was removed aseptically,
placed in 5% formaldehyde, and incubated overnight at room temperature for subsequent histological analysis. Tissues were pro-
cessed using a Shandon excelsior tissue processor (Thermo Fisher Scientific) and then embedded in paraffin wax. Five-micrometer
sections were cut using a Leica RM2125 microtome and transferred to Superfrost Plus slides (VWR International). The sections were
deparaffinized by incubating them twice in Histoclear Il solution for 10 min. The sections were then rehydrated by incubation in 100%,
90%, and 70% ethanol for 5 min each, followed by two 5 min washes in PBS. The sections were stained first in Mayer’s hematoxylin
and then in eosin and dehydrated and mounted before assessment.

Cytokine profiling using the multiplex cytokine assay

A multiplex biometric enzyme-linked immunosorbent assay (ELISA)-based immunoassay, containing dyed microspheres conjugated
with a monoclonal antibody specific for a target protein, was used according to the manufacturer’s instructions (Bio-plex Pro Mouse
Cytokine Multiplex Assay; BioRad Inc., Hercules, CA). The cytokines assayed were granulocyte colony stimulating factor (G-CSF),
granulocyte-monocyte colony stimulating factor (GM-CSF), IFN-vy, IL1-a, IL1-B, IL2, IL4, IL5, IL6, IL7, IL9, IL10, IL12 (p40), IL12
(p70), IL13, IL15, IL17, IP10, KC, CCL2 (monocyte chemoattractant protein-17%), CCL4 (macrophage inflammatory protein [MIP]-
1B), MIP-1a, MIP2, RANTES, and TNFa. Briefly, serum samples were diluted 1:4 and incubated with antibody-coupled beads for
2 h at room temperature, with shaking. The immune complexes were washed, then incubated with biotinylated detection antibody
for 1 h at room temperature and, finally, incubated for 30 min with streptavidin—phycoerythrin prior to assessing the cytokine concen-
trations. The concentrated recombinant cytokines were provided by the vendor (BioRad, Inc.). A broad range (1.95-32,000 pg/mL) of
standards was used to establish standard curves to maximize the sensitivity and dynamic range of the assay. Cytokine levels were
determined using a Bio-Plex array reader (an automated flow-based microfluidics device that uses a dual-laser fluorescent detector
with real-time digital signal processing for quantitation; Luminex, Austin, TX). This instrument quantitates multiplex immunoassays in
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a 96-well format on very small fluid volumes. The concentrations of analytes in these assays were calculated using a standard curve
with the software provided by the manufacturer.

Bioassays

Serum was prepared using BD Vacutainer SST, snap frozen in liquid nitrogen, and stored at —80°C, until analyzed. Serum TNFa levels
were measured using a Mouse TNFa ELISA kit (Millipore Inc. or Biolegend) and osteocalcin (Ocn) was measured using an Ocn Mouse
ELISA Kit (Abcam Inc.).

Bone histology and histomorphometry

Skeletal processing and histological and histomorphometric analyses were performed as described previously.”" For histological
analysis, mice were euthanized at indicated ages between 1100 and 1400 h. Briefly, for assessment of dynamic histomorphometric
indices, mice were injected with calcein, 2 and 4 days prior to sacrifice, according to the standard calcein double-labeling proced-
ure.°®">7"3 After sacrifice, internal organs were removed from the animals and whole skeleton was pinned to a thermocol board and
immersed in 4% neutral buffered formalin for 12-14 h at room temperature. After fixation, the skeleton was cut into the vertebral col-
umn (lumbar vertebrae 1 to 5, with associated muscles) or long bone (with associated muscles) for processing and embedding.
Undecalcified bones were dehydrated in a graded series of ethanol, embedded in methyl methacrylate, and 5 um sections were pre-
pared on a rotary microtome (Leica Inc.), as described previously.”>”® The sections were stained with 1% toluidine blue (osteoblast
parameters), Von Kossa/Van Gieson reagent (stains mineralized bone matrix in black and non-mineralized bone matrix in red), or
tartrate-resistant alkaline phosphatase (TRAP, osteoclast parameters) stain and visualized using a Zeiss microscope (Carl Zeiss,
Jena, Germany). Histomorphometric analysis was performed on tibiae and vertebrae according to the American Society for Bone
and Mineral Research (ASBMR) standards’* using the OsteoMeasure Analysis System (Osteometrix, Atlanta, GA). For BV/TV% anal-
ysis, Von Kossa/Van Gieson-stained sections were imaged at 5x magnification and analyzed using the ImageJ software. For oste-
oblast parameters, toluidine blue-stained sections were visualized at 20x magnification, and analyses were performed in the sec-
ondary spongiosa in at least 15 fields per vertebra. Osteoblasts were counted only when they were in a group of three or more on
the bone surface. For osteoclast parameters, TRAP-stained sections were visualized at 20x magnification and analyses were per-
formed in the secondary spongiosa in at least 15 fields per vertebra or long bone section. For bone formation analysis, sections were
cleared in xylene, mounted in DPX, and visualized under ultraviolet light at 40x magnification, and analysis was performed to detect
bone formation fronts.

Micro-computed tomography (1CT) analysis

Trabecular bone and cortical architecture of the proximal tibia were assessed using a uCT system (Skyscan 1172), as described pre-
viously.”*"® The tibia bone specimen was stabilized with gauze in a 2 mL centrifuge tube filled with 70% ethanol and fastened in the
specimen holder of the uCT scanner. One-hundred pCT slices, corresponding to a 1.05 mm region distal from the growth plate, were
acquired at an isotropic spatial resolution of 10.5 um. A global thresholding technique was applied to binarize gray-scale pnCT images
where the minimum between the bone and bone marrow peaks in the voxel gray value histogram was chosen as the threshold value.
The trabecular bone compartment was segmented using a semiautomatic contouring method and subjected to a model-indepen-
dent morphological analysis’>"* using the standard software provided by the manufacturer of the uCT scanner. 3D morphological
parameters included model-independent measures by distance transformation (DT) of bone volume fraction (BV/TV), Tb.Th* (trabec-
ular thickness), Tb.N* (trabecular number), and Tb.Sp* (trabecular separation).”*"®

QUANTIFICATION AND STATISTICAL ANALYSIS
Results are given as mean + standard error. Statistical analysis was performed using the Student’s t test (2-tailed) or Chi-Square test

(see figure legends). For all panels in Figures 1, 2, 3, 4, and S1-S4, #p < 0.05 and *p < 0.01 are versus WT or control. A p value < 0.05
was considered significant.
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