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Carbamoyl phosphate synthetase-1 (CPS1) is the major mitochon-
drial urea cycle enzyme in hepatocytes. It is released into mouse
and human blood during acute liver injury, where is has a short
half-life. The function of CPS1 in blood and the reason for its short
half-life in serum are unknown. We show that CPS1 is released
normally into mouse and human bile, and pathologically into
blood during acute liver injury. Other cytoplasmic and mitochon-
drial urea cycle enzymes are also found in normal mouse bile.
Serum, bile, and purified CPS1 manifest sedimentation properties
that overlap with extracellular vesicles, due to the propensity of
CPS1 to aggregate despite being released primarily as a soluble
protein. During liver injury, CPS1 in blood is rapidly sequestered by
monocytes, leading to monocyte M2-polarization and homing to
the liver independent of its enzyme activity. Recombinant CPS1
(rCPS1), but not control r-transferrin, increases hepatic macro-
phage numbers and phagocytic activity. Notably, rCPS1 does not
activate hepatic macrophages directly; rather, it activates bone
marrow and circulating monocytes that then home to the liver.
rCPS1 administration prevents mouse liver damage induced by Fas
ligand or acetaminophen, but this protection is absent in macrophage-
deficient mice. Moreover, rCPS1 protects from acetaminophen-induced
liver injury even when given therapeutically after injury induction. In
summary, CPS1 is normally found in bile but is released by hepatocytes
into blood upon liver damage. We demonstrate a nonenzymatic func-
tion of CPS1 as an antiinflammatory protective cytokine during acute
liver injury.

mitochondria | bile proteome | macrophage polarization |
acetaminophen | Fas ligand

cute liver failure is a life-threatening illness defined by rapid

deterioration in liver function frequently resulting in diverse
clinical features, including hepatic encephalopathy and bleeding
diathesis. Approximately 2,000 people develop acute liver failure
annually in the United States, and more than half of the cases are
caused by drug-induced liver injury, particularly overdoses with
acetaminophen (APAP), or other etiologies, including viral in-
fection, alcoholic hepatitis, other drug reactions, and hepatic
ischemia (1, 2).

Several proteins, called alarmins or damage-associated mo-
lecular patterns (DAMPs), are released during liver and other
tissue injury and are involved in disease progression. For exam-
ple, high-mobility group box-1 (HMGBI1) is the prototypic
DAMP protein released during diverse context of damage (3-6).
HMGBI functions as a DNA chaperone in the nucleus; however,
upon release, it triggers the secretion of proinflammatory cyto-
kines through binding to Toll-like receptor-4 (TLR4) or the re-
ceptor for advanced glycation end products (RAGE) (7). Inner
mitochondrial membrane cytochrome c is another protein found
in the extracellular space under pathological condition with a

WWww.pnas.org/cgi/doi/10.1073/pnas. 1822173116

potential role as a DAMP (8, 9). Moreover, DNA, RNA, and
mitochondrial DNA are also considered as DAMPs (10, 11).
Therefore, high levels of these molecules in serum could represent
altered homeostasis, but the specific injured tissue may be difficult
to ascertain because of their overall broad tissue distribution.
The mitochondrial enzyme carbamoyl phosphate synthetase-1
(CPS1) is released into the bloodstream during acute liver injury
in humans and mice (12). CPS1 is the most abundant mito-
chondrial matrix protein with long half-life (7.7 d) in hepatocytes
(13, 14). It is a 160-kDa protein, composed of multidomains
catalyzing synthesis of carbamoyl phosphate from ammonia and
bicarbonate, which is important to remove excessive ammonia
from portal blood in the first step of the urea cycle (15, 16).
CPS1 expression is highly enriched in liver parenchyma, with
much lower expression in the small intestine and even lower
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levels in other tissues. CPS1 is a potential prognostic serum
marker of liver injury because of its preferential expression in the
liver, its short serum half-life compared with other liver enzymes,
such as alanine aminotransferase, and its abundance (12, 17).
The CPS1 level, which is barely detectable in normal lung, corre-
lates negatively with survival of patients harboring nonsmall cell
lung cancer. This observation occurs possibly via increasing the
cellular pyrimidine pool (18), although the role of CPS1 enzyme
activity and the mechanism of its effect are not clear.

We hypothesized that the short half-life of CPS1 is due to
degradation in serum, or to uptake by leukocytes or endothelial
cells. Our findings show that CPSI is released normally into
mouse and human bile as a soluble but aggregation-prone pro-
tein, but becomes released into serum under pathologic condi-
tions, where it is taken up by monocytes/macrophages (M¢) and
leads to M2 polarization independent of its enzyme activity.
Recombinant (r)CPS1 leads to M2 polarization of M¢ and is
able to both prevent and protect from liver injury through M¢.
Our findings indicate that the urea cycle enzyme CPS1 functions
nonenzymatically as an antiinflammatory cytokine that protects
from acute liver injury.

Results

CPS1 Is Released as a Soluble Multimeric Protein. We previously
reported CPS1 release into serum during liver injury (12), and
others found (using proteomic profiling) CPS1 in the extracel-
lular vesicle (EVs) fraction secreted by rat primary hepatocytes
(19). Nanoparticle tracking analysis (NTA), performed with
culture media of mouse primary hepatocytes, showed that he-
patocytes normally release EVs sized 102.8 + 1.9 nm on average,
with a slight increase in size after incubation with Fas ligand (FL)
and subsequent injury (Fig. 14). The mechanism of CPS1 release
during liver injury is unknown and CPS1 gene sequence does not
contain a leader signal peptide for the classic endoplasmic
reticulum—Golgi-dependent secretory pathway. Indeed, inhibi-
tors of classic exocytosis (brefeldin A, Exol) did not block its
release (SI Appendix, Fig. S14). CPS1 levels increased in he-
patocyte culture media after incubation with FL along with
DAMPs—such as HMGBI, lactate dehydrogenase (LDH), and
cytochrome ¢ (Fig. 1B)—but CPS1 was the major protein detected
in the EV fraction collected by ultracentrifugation (100,000 x g
pellet) of the culture media (Fig. 1B), consistent with the pre-
vious report (19). CPS1 release becomes enhanced not only by
FL but also after incubation with rotenone or glucose oxidase,
which increase intracellular oxidative stress and result in distinct
release patterns for HMGBI1, LDH, or other mitochondrial pro-
teins, such as cytochrome ¢ and pyruvate dehydrogenase (PDH)
(81 Appendix, Fig. S1B).

To examine the size of CPS1-containing EVs, culture media of
hepatocytes or sera from mice given FL or APAP was pelleted at
10,000/20,000/100,000 x g serially to enrich for apoptotic bodies,
microvesicles, or exosomes, respectively. Unlike HMGB1, LDH,
and cytochrome ¢, which were detected exclusively in the su-
pernatant of FL-treated cells, CPS1 copartitioned with the
exosome-enriched fraction (100,000 x g) and the supernatant ex
vivo (SI Appendix, Fig. S1C) and in vivo (Fig. 1C). Notably, none
of these proteins was found in serum of healthy mice. Another
mitochondrial matrix protein (PDH) and an outer-membrane
protein (Tom20) were observed in mouse sera independent of
liver injury, but increased in the exosome fraction during liver
injury (Fig. 1C). The exosome markers CD9 and TSG101 parti-
tioned with the pellet as expected, but were also in the supernatant,
suggesting leakage during fractionation or possibly being compo-
nents of smaller vesicles that are not sedimented by 100,000 x g
centrifugation. However, incubation of hepatocytes with potential
inhibitors for exosome secretion (GW4869 and amiloride) did not
alter CPS1 release (SI Appendix, Fig. S1D), nor did treatment with
fausdil or Y-27632 [which inhibit Rho-associated, coiled-coil

9126 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1822173116

containing protein kinase (ROCK) signaling and modulate
plasma membrane shedding] block CPS1 exocytosis (SI Appen-
dix, Fig. SIE). NTA analysis of culture media from hepatocytes
transduced with CPS1-GFP showed that most of the CPSI1-
containing GFP™ particles were smaller than 40 nm (mode:
35.3 = 0.6 nm) (Fig. 1D), which is similar to the smallest size of
the expected exosome size (20, 21). However, sucrose gradient
separation showed that CPS1 was broadly detected in most of the
fractions from the 100,000 x g pellet isolated from hepatocyte
culture media, whereas the exosome markers CD9, TSG101,
Flotillin1, and Alix were exclusively in fractions #7-9 (Fig. 1E).
In addition, sucrose gradient centrifugation of mice sera showed
that CPS1 in the supernatant after 100,000 X g spin sedimented
in fraction #7-10 (SI Appendix, Fig. S2A4), thereby indicating
that even soluble CPS1 forms multimers that cosediment with
EVs. Supporting this, electron microscopy of immunogold
staining of CPS1 in the 100,000 x g pellet of mouse serum
showed immune reactivity with aggregate-like structures (SI/
Appendix, Fig. S2B). Moreover, sucrose gradient separation of
purified recombinant CPS1 (rCPS1) that we generated (SI Ap-
pendix, Fig. S34) showed a broad distribution consistent with
formation of CPS1 multimers (Fig. 1F). Collectively, these data are
consistent with CPS1 release from hepatocytes as a soluble protein
that spontaneously forms multimers, with sedimentation properties
that overlap with EVs.

CPS1 Is Found in Normal Mouse and Human Bile. CPS1 is not ob-
served in serum of healthy mice (Fig. 1C), but is readily detected
in hepatocyte culture media in the absence of insults unlike,
HMGBI1 and LDH (Figs. 1B and 24). This discrepancy raised
the possibility that CPS1 may be normally secreted luminally into
bile in the polarized hepatocytes in vivo. To test this hypothesis,
we collected bile from the common bile duct (CBD) of mice at
20-min intervals. Interestingly, the collected bile showed surpris-
ingly high levels of CPS1, while no CPS1 was detected in serum
(Fig. 2B). Transferrin and amylase were observed in mouse bile and
serum as expected, consistent with the majority of bile proteins
being derived from plasma (22). Similar findings were noted in
human bile samples collected from the CBD, with some variability
among individuals (SI Appendix, Fig. S4). Consistent with the
CPS1 in serum or culture media of hepatocytes, bile CPS1, unlike
transferrin and albumin, was observed in the 100,000 x g pellet
fraction and the supernatant (Fig. 2C). CPS1 in the pelleted bile
fraction was separated in the higher sucrose concentration fractions
(Fig. 2D), but even CPS1 in the bile supernatant (Fig. 2D) sedi-
mented in fractions similar to those seen in the supernatant fraction
of mouse serum (SI Appendix, Fig. S24). Ultrastructural analysis
using immunogold staining of normal mouse liver showed
CPS1 within and near liver canaliculi (Fig. 2E). Mass spectrometry
of proteins from mouse bile, obtained from the gallbladder (GB)
and CBD, identified 1,792 proteins (Fig. 2F, SI Appendix, Fig. S5,
and Dataset S1). Notably, many mitochondrial proteins and all five
enzyme components of the urea cycle—in addition to LDH, PDH,
and the two exosome markers, CD9 and TSG101—were found in
bile (Fig. 2G). CPS1 had a shorter half-life in bile than transferrin
and albumin, and GB bile had detectable pancreatic enzymes
(likely due to reflux from the pancreatic duct) (SI Appendix, Fig.
S6), which explains the near-absent CPS1 level in GB bile (SI
Appendix, Fig. S5B). Hence, our data suggest that CPS1 is normally
released to bile canaliculus via the hepatocyte apical membrane,
but is rerouted to the sinusoids upon hepatotoxicity, thereby ren-
dering it readily detectable in serum during liver injury.

Uptake of Serum CPS1 by Macrophages. Next we investigated the
mechanism of rapid serum CPS1 clearance in humans and mice
during liver injury (12). To investigate whether CPS1 is degraded
by serum proteases, serum from the FL-treated mice was incubated
(37 °C) and tested over time. Serum CPS1 was not degraded after
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CPS1 is released as a soluble multimeric protein that cosediments with EVs. (A) Size measurement of primary mouse hepatocyte-derived EVs by NTA. The

numbers show mean and mode sizes + SE. (B) Immunoblotting of culture media or EVs from primary hepatocytes preincubated with saline or FL (0.5 pg/mL, 4 h).
Coomassie brilliant blue staining (CBB) is shown as a loading control. (C) Sera were collected from saline-injected mice (Sal) used as control, and from FL- or APAP-
administered mice (three mice/group). Immunoblotting of intact mouse serum or pelleted serum components was carried out from the indicated sedimentation
fractions. Blotting was done using antibodies to the indicated proteins. Serum ALT is included at the bottom of the Middle panels, in addition to a representative
H&E staining of the liver (Bottom) (arrows highlight areas of injury). (Scale bar, 100 pm.) (D) NTA of GFP* particles isolated from primary hepatocytes that were
transduced with lentiviral CPS1-GFP. The numbers show mean and mode sizes + SE. (E and F) Sucrose gradient separation of the 100,000 x g pellet from
culture media of primary hepatocytes (E) or of rCPS1 (F). In F, 1% of starting material (rCPS1) was loaded in the last lane as a reference control.

24 h, in contrast with HMGBI1 (Fig. 34), thereby indicating that
serum proteases are not responsible for the rapid turnover of
CPS1. We then examined whether serum CPS1 is taken up by
endothelial cells or leukocytes. Primary endothelial cells from
mouse aorta or human Jurkat T cells did not take up CPS1 (Fig.
pnonuclear cells
ated CPS1 (Fig.

3D). Similarly, CPS1 was specifically taken up by the J774 M¢
cell line incubated with hepatocyte culture media containing
CPS1 (Fig. 3E). To further examine whether CPS1 is taken up by
M¢, we generated His-tagged full-length human rCPS1 and a
human transferrin (rTF) variant (a mutant form unable to bind
iron) as a control (SI Appendix, Fig. S34). Intravenous admin-
istration of rCPSI1 into naive mice showed a fast in vivo turnover
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Fig. 2. CPS1 is secreted through bile canaliculi. (A) Mouse hepatocytes were treated with saline (-) or FL (0.5 pg/mL) for the indicated times. Abundance of
CPS1, HMGB1, and LDH in the culture media, and of cleaved caspase 3 (c-Casp 3) in the cell lysates are shown. CBB are included to show equal protein loading.
(B) Immunoblotting of mouse bile, serum, and liver lysates using antibodies to the indicated antigens. The bile was collected at 20-min intervals (#1-
4 fractions). Similar results were observed from bile collections obtained from five other mice. (C) Mouse bile was pelleted using the indicated g forces,
followed by analysis of the pelleted and supernatant fractions by immunoblotting. (D) Bile was pelleted at 100,000 x g, then the pellet and the supernatant
fractions were analyzed by sucrose gradient sedimentation and immunoblotting similar to what was carried out in Fig. 1 E and F. (E) Mouse liver was prepared
for transmission electron microscopy imaging. Immunogold staining of the liver sections was carried out using rabbit anti-CPS1 antibody followed by goat
anti-rabbit antibody conjugated with 10-nm gold particles. Arrowheads highlight CPS1 within the bile canaliculus. (Scale bars, 200 nm.) M, mitochondria. A
negative control that did not include the anti-CPS1 antibody did not manifest a significant gold particle signal. (F) Mouse bile was obtained from the GB or
CBD then immediately analyzed by SDS/PAGE followed by staining using CBB. Each lane of the gel was analyzed by mass spectrometry (S/ Appendix, Fig. S5).
(G) Abundance of urea cycle enzymes and other proteins were analyzed by immunoblotting using bile (pooled collection from CBD, lane 1) and total cell
extracts from primary hepatocytes (two independent isolations, lanes 2 and 3). All of the analyzed proteins were detected by mass spectrometry (as described

in F and S/ Appendix, Fig. S5).

rate (T, = 58 min) (Fig. 3F), consistent with the observation of
rapid endogenous CPS1 turnover in blood during acute liver
injury (12) and rat CPS1 half-life of 67 min in blood (17). Im-
munofluorescence analysis showed rCPS1 uptake by J774 M¢
and human PBMC-M¢ (Fig. 3 G and H), which supports the
rapid clearance of CPS1 in vivo.

CPS1 Induces M2 Polarization of Monocytes and Hepatic Macrophages,
Independent of Its Enzyme Activity. Hepatic M¢s are comprised of
liver-resident Kupffer cells, or bone marrow-derived monocytes
recruited during liver disease conditions, and these cells actively
CPS1 uptake by
¢ via the classic

(M1) or alternative (M2) modes (24). While expression of M1-
related (CD64/CXCL10/IL6) or M2-related (MRCI/CCL22/
IL10) genes were elevated after incubation with LPS or IL-4,
respectively (SI Appendix, Fig. S7), rCPS1 but not 1TF signifi-
cantly increased M2 gene expression (Fig. 44). In contrast, Argl
expression was not altered by rCPS1 treatment of naive Kupffer
cells ex vivo (SI Appendix, Fig. S84). However, rCPS1 adminis-
tration significantly increased M2 gene expression (Argl/Mrcl/
1110) of hepatic M¢ (Fig. 4B) in association with Stat6 phos-
phorylation (SI Appendix, Fig. S8B). Moreover, transwell co-
culture of isolated naive Kupffer cells with PBMCs from mice
administered rCPS1 showed that factors released by the PBMCs
induce M2 polarization of Kupffer cells without needing direct
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Fig.3. CPS1 is taken up by mouse and human macrophages. (A) Serum from mi

ce treated with FL was incubated at 37 °C for indicated time points, followed

by immunoblotting using antibodies to the indicated proteins. (B) Primary endothelial cells were incubated with serum from a mouse pretreated with FL
(0.15 mg/kg, 4 h). Immunoblot analysis of the cell lysates and the input serum was then carried out using antibodies to CPS1, albumin (as control serum
protein), and vimentin (as control endothelial cell protein). (C) Jurkat cells were incubated with control media or conditioned media (CM) obtained from
primary hepatocytes incubated with FL (0.5 pg/mL, 4 h). Inmunoblot analysis of the Jurkat cell lysates and the input CM was then performed using antibodies
to CPS1, albumin, and vimentin. CBB of a duplicate gel is included to profile the loaded proteins. (D) PBMCs from mice administered saline or FL were collected
at 6 or 10 h postinjection. PBMC-M¢ were analyzed by immunoblotting. Serum ALT levels are shown at the bottom. (E) J774 cells were cultured in their
standard media (none), media for hepatocyte culture (media control), or CM from hepatocytes incubated with FL. Intracellular uptake of albumin (none

detected) and CPS1 are shown. (F) Mice were administered rCPS1 followed by col
of the experiment). The collected sera (2 uL) were then blotted with anti-CPS1

incubated with rTF (0.5 pg/mL) or rCPS1 (1 pg/mL). Immunofluorescence staining
(nuclear). Arrows highlight CPS1 uptake in the cells. (Scale bar, 20 pm.) (H) Imm

lection of 20 pL of blood at the indicated time point from tail (or heart at end
antibody and examined by CBB to ensure equal loading. (G) J774 cells were
was done using antibodies to CPS1 and vimentin, followed by DAPI staining
unofluorescence staining of human PBMC-M¢ pretreated with rTF or rCPS1,

using antibodies to TF/vimentin and CPS1/vimentin followed by staining with DAPI. Arrows highlight rCPS1 uptake. (Scale bar, 10 pm.)

contact (Fig. 4C). Notably, Cxcr2 and Ccrl expression was the
most reduced among the chemokine signaling pathway genes in
hepatic M¢ from the rCPS1-APAP-administered mice as com-
pare with the rTF-APAP-administered mice (SI Appendix, Fig.
S9A). In line with the inflammatory roles of CXCR2 and CCR1
(25-27), their gene expression was decreased by IL-4 treatment
and their down-regulation by rCPS1 was validated by indepen-
dent qPCR of hepatic M¢ from mice injected with rCPS1 or r'TF
(81 Appendix, Fig.S9 B and C). These results suggest that CPS1 in
serum elicits an antiinflammatory role via M¢ during liver injury.

Given the heterogeneity of hepatic M¢, we examined if CPS1
could promote recruitment of circulating monocytes to the liver.
PBMC-M¢, bone marrow cells, and hepatic M¢, isolated from
the same mice 12 or 24 h postadministration of recombinant
proteins, showed that Argl expression in PBMC-M¢ and bone
marrow cells peaked much earlier (at 12 h), while hepatic M¢
activation followed at 24 h (Fig. 4D). Homing to the liver was
validated by isolating PBMC-M¢ from mice injected with rTF or
rCPS1, labeling with PKH26, then reinjecting into mice followed
by isolation of the hepatic M¢s to test for the presence of labeled
cells (SI Appendix, Fig. S10). Notably, 16% of the terminally
isolated F4/80™ hepatic M¢s harbored PKH26 dye (i.e., repre-
senting PBMC-M¢ from mice preactivated with rCPS1 that
homed to the liver), while only 1% of the cells preactivated
with r'TF costained with PKH26 (Fig. 4E). Hence, CPS1 elicits

Park et al.

PBMC-M¢ M2-polarization in blood or bone marrow, with sub-
sequent homing of these activated cells to the liver. Importantly, the
rCPS1 T47IN mutant (SI Appendix, Fig.S3 C and D), which is
enzymatically inactive (16), did not alter the effect of CPS1 on
M2 gene expression (Fig. 4F), thereby indicating that the cytokine-
like role of CPS1 is independent of its enzymatic activity.

Prophylactic and Therapeutic Effects of rCPS1 in Experimental Liver
Injury. Contrary to the proinflammatory M1 Mds, the antiin-
flammatory M2 M¢s are involved in repair and proliferation
(24). Thus, we examined if CPS1 has a protective role during
liver injury. Mice were given r'TF or rCPS1, then injected with
saline or FL after 24 h. rTF-FL-administered mice had elevated
alanine transaminase (ALT), cell death, and liver hemorrhage as
expected, whereas rCPS1-FL-administered mice had limited
ALT elevation and significantly less histologic liver damage (Fig.
5 A and B). Release of CPSI/HMGBI1/LDH were greatly at-
tenuated in rCPS1-FL mice, compared with rTF-FL mice, along
with decreased apoptosis in the livers (determined by cleaved
caspase-3 and -7 and TUNEL staining) (Fig. 5 C-E). The F4/80*
M¢ number increased significantly in livers of mice given rCPS1,
while Ki-67" cells increased but did not reach statistical signifi-
cance (Fig. 5 F and G). In addition, rCPS1 led to >threefold
increase in phagocytic activity of hepatic M¢s (Fig. 5H), which
may contribute to debris clearance. Hence, rCPS1 leads hepatic
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(1 pg/mL) for 24 h, followed by qPCR analysis of the indicated transcripts. (B) Hepatic M¢ (H-M¢) were isolated from mice injected with rTF (25 pg, n = 7) or
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expression in the Kupffer cells was analyzed by qPCR. (D) Mice were injected with rTF (control, 24 h) or rCPS1 12 or 24 h before killing (n = 3 per group). PBMC-
M¢, bone marrow cells (BMC), and H-M¢ were isolated from the mice and Arg7 mRNA was analyzed by gPCR. (E) PBMCs were isolated from mice injected with
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J774 cells were treated with rTF (0.5 pg/mL), rCPS1 (1 pg/mL), or rCPS1 T471N (1 pg/mL, n = 6 per group) for 24 h followed by gPCR analysis of Nos2 and Arg1

expression. *P < 0.05; **P < 0.01; ***P < 0.001. N.S., not significant.

M¢s to proliferate and undergo M2 polarization to an antiin-
flammatory phenotype. The CPS1 protective effect is likely
mediated by M¢ cytokines, because hepatic M¢-conditioned
media isolated from rCPSl-injected—but not rTF-injected—
mice decreased hepatocyte cell death and elevated Ki-67 and
phosphorylated-Rb upon FL treatment (SI Appendix, Fig. S11).

We also tested the effect of CPS1 on APAP-induced liver
injury, which more closely mimics human drug-induced liver in-
jury. Administration of TCPS1 24 h before exposure to APAP

9130 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1822173116

attenuated liver damage significantly as determined by serum
ALT, liver histology, and serum levels of CPSI/HMGB1/LDH
(Fig. 6 A-C). TUNEL" cells were decreased while F4/80" M¢
and to Ki-67* cells increased upon APAP exposure in the
rCPS1 versus the control rTF group (Fig. 6 D-F). Notably, rTF
alone does not impact the extent of FL- or APAP-induced liver
injury (SI Appendix, Fig. S12), thereby indicating that the pro-
tective effect imparted by rCPS1 is not related to a damaging
effect that is mediated by r'TF. We also tested the importance of
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macrophages in the observed CPS1 protective effect. For this,
macrophages were depleted using clodronate liposome adminis-
tration (Fig. 6G), and this depletion blocked the protective effect of
CPS1 as determined by serum ALT and TUNEL staining analysis
(Fig. 6 H and I). This provides supportive evidence that CPS1 at-
tenuation of liver injury occurs through Mds.

More relevant to potential human application, the administration
of rCPS1 3 h post-APAP exposure, when serum ALT levels are
highly elevated (average ALT > 2,000), also led to more rapid
recovery from liver injury compared with rTF-injected mice (Fig.
6J). Consistent with this, serum HMGB1 and LDH were mark-
edly lower in sera of APAP-rCPS1 mice compared with APAP-
rTF mice (Fig. 6K). These overall findings indicate that CPS1
serves as a hitherto unappreciated antiinflammatory cytokine
that may provide potential therapeutic benefit in the setting of
acute liver injury (Fig. 7).

Discussion

CPS1 was previously identified as a readily detected protein re-
leased from apoptotic hepatocytes (12). Serum CPS1 was sug-
gested as a biomarker for the resolution of acute liver injury
given its tissue-specific expression, abundance, and rapid turn-
over in serum (7, ~ 2 h) compared with the commonly utilized
ALT (12, 17). These earlier observations led us to probe the
mechanism of CPS1 release and its short half-life in blood. We
find that CPS1 is nonclassically secreted, and its release occurs
regardless of liver damage but through different routes,
depending on the presence or absence of liver damage. Biliary
release of CPS1 is an unexpected finding along with the identi-
fication of several other mitochondrial proteins in bile. The rapid
clearance of serum CPS1 occurs via uptake by circulating
monocytes, which in turn elicits their activation into antiin-
flammatory cells that home to the liver and protect from liver
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injury induced by FL or APAP. The cytokine-like antiinflammatory
promoting effect of CPS1 is enzyme-independent and involves
PBMC-M¢ and bone marrow cells, although immune cells in
other tissue compartments may be potential targets. These findings
suggest that CPS1 may serve as a therapeutic in acute liver injury.
Most cells, including hepatocytes, release context-dependent
EVs. CPS1 was previously reported as a component of cultured
rat hepatocyte-derived exosomes based on proteomic findings
(19). However, our data indicate that CPS1 that is collected
using standard exosome preparation methods primarily parti-
tions with the exosome fraction because of its propensity to
oligomerize and form multimers rather than being a component
of EVs. This is based on biochemical assessment after sucrose
gradient sedimentation of rCPS1 or CPS1 found in blood or bile,
or upon ultrastructural evaluation. We posit that the aggregation
propensity of CPS1 could increase its accessibility, recognition,
and uptake by pino-/phago-cytosis of M¢ (28), although the precise
mechanism of its uptake and the smallest domain of CPS1 that
imparts its antiinflammatory function remain to be defined.

Presence of CPS1 in Bile. Biliary secretion of CPS1 was an un-
expected finding. While nonprotein bile components are well
characterized, only a limited number of bile proteins have been
identified due to technical challenges (29). Proteomic analysis
has identified several proteins in bile (30-40). Notably, CPS1 has
not been reported previously as a human bile component, al-
though another urea cycle enzyme, ornithine transcarbamylase,
was reported nearly 60 y ago as a bile component, and was
studied as a potential marker of liver disease (41-45). Our
findings herein show that CPS1 is found in both mouse and
human bile but the detection of CPS1 by immunoblotting of
human bile was feasible only upon using fresh bile together with
acetone precipitation of the protein fraction, while detection of
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was collected from the tail veins of the mice at 3-h intervals. J shows the serum ALT levels, presented as percentage decrease compared with the values at the 3 h
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CPS1 in mouse bile did not require acetone precipitation. No-  the presence of CPS1 and the other urea cycle enzymes in bile,
tably, even short-term storage of human bile at —80 °C leads to ~ which is mimicked by the constitutive release of CPS1 by cul-
degradation and loss of CPS1 detection. tured hepatocytes, is unlikely to be part of simple enzyme turn-

The function of CPS1 and other mitochondrial proteins in bile over but is potentia]]y related to a novel release pathway by
remains to be determined, but the stoichiometry of CPS1 that is hepatocytes that remains to be defined. If one considers an en-
released into bile compared with total liver CPS1 is very small.  dosymbiotic origin of mitochondria from prokaryotes (46), re-
We estimate that 0.002% of mouse liver CPS1 is excreted into  lease of mitochondrial proteins may be an aspect of protein
bile per hour (based on sequential collection of bile followed by secretion of ancestral bacteria. Of note, ammonia (47) and urea
immunoblotting). Although the relative bile content of CPS1is  (48) have been measured in bile, which raises the possibility that

very small compared with hepatocytes, the absolute amount may  bile could also remove ammonia via CPS1 aside from the liver.
not be trivial given the abundance of CPS1. Notably, the amount

of CPS1 released to culture media of healthy primary mouse  AnImmune Function for CPS1. The liver serves an immune function
hepatocytes is comparable to the amount released by dying cells  through hepatocyte secretion of specific proteins into blood (49),
ome readily de- and harbors the largest number of M¢ (~80% of body’s total)
. S1). Therefore, (23). Proteins released from hepatocytes into sinusoids could
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Fig. 7. Schematic model of CPS1 release and the biologic function of re-
leased CPS1. In normal liver, hepatic mitochondrial CPS1 is continuously se-
creted to bile (black arrows) while being undetectable in blood. Upon acute
liver injury, CPS1 is released to the bloodstream where it is rapidly taken up
by circulating monocytes and leads to their M2 polarization and homing to
the liver independent of CPS1 enzyme activity (blue arrows). The endoge-
nous CPS1-induced antiinflammatory properties of M2-M¢ protection from
liver injury can also be provided therapeutically upon administration of
recombinant CPS1 in experimental APAP-induced liver injury.

interact and communicate with liver-resident Kupffer cells and
circulating monocytes. Kupffer cell activation and recruitment of
circulating monocytes have been demonstrated in mice admin-
istered with APAP (50-54). In addition, the presence of human
Mg¢ within an antiinflammatory/regenerative microenvironment
of the liver was observed in patients with APAP-induced acute
liver failure, suggesting a beneficial effect of hepatic M¢ (50). In
line with these observations, circulating CPS1 protected from
APAP- or FL-induced liver damage, at least partially, via trig-
gering M2 polarization of bone marrow-derived monocytes and
hepatic M¢ in a CPS1 enzyme-independent manner. In addition
to IL-4 and IL-13 that induce M2 polarization through IL-4R,
our findings highlight CPS1 as another potential M2 inducer.
Considering that 10-50 ng/mL of IL-4 is generally used to induce
M2 polarization ex vivo, the stoichiometry of rCPS1 we used
(1 pg/mL) is comparable to IL-4 (after correcting for the much
smaller IL-4 protein size), albeit the precise mechanism un-
derlying M¢ activation by CPS1 remains to be elucidated. Like
HMGBI, which triggers the release of proinflammatory cyto-
kines via TLR4 or RAGE binding (7), CPS1 may be recognized
by a specific receptor on M¢ and may signal through phagocytosis-
dependent or -independent modes. Taken together, our findings
(Fig. 7) show that the mitochondrial protein CPS1 is normally re-
leased into bile, and demonstrate a direct antiinflammatory M2
polarization effect of CPS1 that is independent of its enzyme ac-
tivity. The ability of rCPS1 that is administered intravenously after
injury to ameliorate APAP-induced liver injury raises the exciting
possibility of its utility as a therapeutic in select cases of acute
liver injury.

Materials and Methods

Mouse Experiments, Primary Cell Isolation, and Culture. Mouse procedures
were approved by the University Committee on Use and Care of Animals at the
University of Michigan. We isolated and cultured hepatocytes, M¢s from PBMCs,
hepatic M¢s, aortic endothelial cells, and bone marrow cells from mice. De-
tailed information is provided in SI Appendix, SI Materials and Methods.

Microarray Analysis. Total RNA of hepatic M¢ from mice, injected with
rCPS1 or rTF (n = 4 per group) followed by APAP administration, was con-
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verted to cDNA and biotinylated as recommended by Affymetrix GeneChip
WT PLUS. See SI Appendix, SI Materials and Methods for more details.

Flow Cytometry. For experiments testing circulating monocyte homing to the
liver, 8-wk-old male FVB/N mice were administered rTF or rCPS1 as described
above. After 12 h, PBMCs were isolated, stained with PKH26 (Sigma) for 2 min,
followed by washing 4x as per the manufacturer's recommendation, then
injected into mice via tail vein (2 x 10° cells in 150 pL of PBS). At 24 h
postinjection, hepatic M¢ were isolated and incubated with APC-labeled F4/
80 antibodies (20 min, on ice, in dark) followed by washing 3x (300 x g,
5 min). Single color controls were included for gating purposes. The cells
were analyzed on a Beckman Coulter MoFlo Astrios at the University of
Michigan Flow Cytometry Core Facility.

Isolation of EVs, Sucrose Gradient Separation, and Biochemical Analysis. EV
isolation and sucrose gradient separation were carried out as described
previously (55) with slight modifications. See SI Appendix, SI Materials and
Methods for details.

Quantitative RT-PCR. RNA was extracted in TRIzol (Invitrogen) and isolated
according to the manufacturer’s protocol, then 1 pg of RNA was reverse
transcribed to ¢DNA using TagMan reverse-transcriptase kit (Applied Bio-
systems). gPCR was done using Brilliant SYBR Green Master Mix (Bio-Rad)
and Eppendorf MasterCycler RealPlex (Thermo Fisher Scientific). Primer in-
formation is included in S/ Appendix, Table S2.

Bile Collection. Mice were anesthetized with isoflurane and a PE-08 catheter
was inserted into the CBD using a dissecting microscope and glued in place.
The mice were maintained under anesthesia and placed under a warming
lamp, and bile was collected at 20-min intervals for 2 h in microcentrifuge
tubes containing Protease Inhibitor Mixture (Invitrogen).

For human bile studies, bile was collected from patients undergoing en-
doscopic retrograde cholangiopancreatography for indicated clinical reasons
(carried out at the University of Michigan Medical Center under an in-
stitutional review board-approved protocol) (S/ Appendix, Fig. S4B). For
immunoblotting, 1 mL of human bile was precipitated with six volumes of
—20 °C acetone (overnight, —80 °C) to remove interfering substances, followed
by centrifugation. The pellet was dissolved in 200 pL of Tris-glycine SDS-
containing sample buffer, and 10 uL from each sample was subjected to
SDS/PAGE followed by immune blotting.

PHYSIOLOGY

Protein Identification by LC/MS-MS. Mouse bile samples collected from the
CBD or the GB were analyzed by mass spectrometry. See S/ Appendix, S/
Materials and Methods for details.

Nanoparticle Tracking Analysis. For measuring particle size and concentration,
samples were diluted with PBS to be in a range between 20 and 80 particles
per frame, then analyzed using scatter mode of the NanoSight NS300 in-
strument (at 23.3 °C; syringe pump at 20 pL/min). Five videos of 1 min each
documenting Brownian motion of nanoparticles were recorded, followed by
analysis using NanoSight software. To analyze the GFP-containing particles,
samples were analyzed under the fluorescence mode with a 488-nm
wavelength laser.

Immunofluorescence Staining and Immunogold-Staining Electron Microscopy.
Five-micrometer-thick paraffin sections of liver were deparaffinized with
xylene and rehydrated through a series of graded ethanol. Detailed in-
formation is provided in SI Appendix, SI Materials and Methods.

Expression and Purification of Recombinant Proteins. Insect cell expression and
purification of human CPS1 were performed as described previously (56) with
slight modification. Briefly, pFastBac-hCPS1 or pFastBac-hTF mutant with
His-tag was generated, then, recombinant proteins were expressed using a
baculovirus system. See SI Appendix, SI Materials and Methods for details.

CPS1 Activity. CPS1 enzymatic activity was measured using the hydroxyurea
method as described previously (57). See S/ Appendix, SI Materials and
Methods for details.

TUNEL Assay. Cell death was detected using an ApopTag Red In Situ Apoptosis
detection Kit (EMD Millipore). Briefly, deparaffinized liver sections were
incubated in a humidified chamber (37 °C, 1 h) with TdT enzyme solution,
and applied to antidigoxigenin conjugate solution (rhodamine) for 30 min
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(22 °Q) in the dark. After washing, the slides were mounted and images
were acquired.

Phagocytosis Assay. Phagocytic activity was detected using a Phagocytosis
assay kit (Cayman) according to the manufacturer’s protocol. See S/ Ap-
pendix, SI Materials and Methods for details.

Statistics. Data are presented as mean + SEM and graphed using GraphPad
Prism 7. Data are representative of two to four independent experiments.
The statistical significance was assessed using an unpaired two-tailed Stu-
dent’s t test for single comparisons or a one-way ANOVA with post hoc
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