
The American Journal of Pathology, Vol. 179, No. 1, July 2011

Copyright © 2011 American Society for Investigative Pathology.

Published by Elsevier Inc. All rights reserved.

DOI: 10.1016/j.ajpath.2011.03.029
Immunopathology and Infectious Diseases

Increased Serum Enzyme Levels Associated with
Kupffer Cell Reduction with No Signs of Hepatic or

Skeletal Muscle Injury
Zaher A. Radi,* Petra H. Koza-Taylor,†

Rosonald R. Bell,† Leslie A. Obert,†

Herbert A. Runnels,‡ Jean S. Beebe,*
Michael P. Lawton,† and Seth Sadis§

From the Department of Biotherapeutics Research &

Development,* Pfizer Worldwide Research and Development,

Cambridge, Massachusetts; the Department of Drug Safety

Research and Development,† Pfizer Worldwide Research and

Development, Groton, Connecticut; the Department of Bioprocess

and Analytical,‡ Pfizer Worldwide Research and Development,

Chesterfield, Missouri; and the Services Department,§ Compendia

Bioscience, Ann Arbor, Michigan

Macrophage colony-stimulating factor (M-CSF) is a he-
matopoietic growth factor that is responsible for the
survival and proliferation of monocytes and the differ-
entiation of monocytes into macrophages, including
Kupffer cells (KCs) in the liver. KCs play an important
role in the clearance of several serum enzymes, includ-
ing aspartate aminotransferase and creatine kinase, that
are typically elevated as a result of liver or skeletal mus-
cle injury. We used three distinct animal models to in-
vestigate the hypothesis that increases in the levels of
serum enzymes can be the result of decreases in KCs in
the apparent absence of hepatic or skeletal muscle in-
jury. Specifically, neutralizing M-CSF activity via a novel
human monoclonal antibody reduced the CD14�CD16�

monocyte population, depleted KCs, and increased as-
partate aminotransferase and creatine kinase serum en-
zyme levels in cynomolgus macaques. In addition, the
treatment of rats with clodronate liposomes depleted KCs
and led to increased serum enzyme levels, again without
evidence of tissue injury. Finally, in the osteopetrotic
(Csf1op/Csf1op) mice lacking functional M-CSF and having
reduced levels of KCs, the levels of serum enzymes are
higher than in wild-type littermates. Together, these find-
ings support a mechanism for increases in serum enzyme
levels through M-CSF regulation of tissue macrophage ho-
meostasis without concomitant histopathological changes
in either the hepatic or skeletal system. (Am J Pathol 2011,
179:240–247; DOI: 10.1016/j.ajpath.2011.03.029)
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Kupffer cells (KCs) are resident macrophages of the liver,
predominantly distributed within the lumen of the hepatic
sinusoids.1 KCs are one of the largest tissue macrophage
populations in the body and use phagocytosis, pinocytosis,
and receptor-mediated endocytosis to filter blood of foreign
and particulate material and maintain homeostasis of nor-
mal blood constituents.2–4 Receptors on KCs for Igs, im-
mune complexes, and complement contribute to the liver’s
function as an important mediator of systemic and local
innate immunity. In addition, a diverse array of cell surface
receptors, including a large family of scavenger receptors,
helps regulate lipid metabolism, assist in bactericidal func-
tions, and promote removal of senescent or malformed red
blood cells. Furthermore, surface receptors on KCs mediate
the uptake of growth factors, cytokines, hormones, and
enzymes.5,6 Unidentified surface receptors on KCs mediate
the uptake of several short-lived serum enzymes, such as
lactate dehydrogenase (LDH), creatine kinase (CK), and as-
partate aminotransferase (AST). This process has been stud-
ied in vivo using radiolabeled derivatives of serum enzymes
and in vitro using purified KC populations.7–9 Based on these
results, it seems likely that modulators of KCs would disrupt
normal pathways of serum enzyme clearance.

KCs originate from monocytes derived from the bone
marrow through a differentiation program that normally
requires the monocyte/macrophage colony–stimulating
factor (M–CSF).10 Osteopetrotic (Csf1op/Csf1op) mice are
defective in the production of CSF-1 (the murine isologue
of human M-CSF) because of a point mutation in the
coding region of the Csf1 gene and are deficient in sev-
eral tissue macrophage populations, including KCs, that
are reduced to approximately 30% of the levels seen in
wild-type littermates.11–13 Treatment of Csf1op/Csf1op

mice with CSF-1 restores KC populations to their normal
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levels.14,15 Treatment of wild-type mice with anti–CSF-1
antibody has caused a similar decrease in KCs and other
tissue macrophages.16 Therefore, at least in rodents, M-
CSF is important for KC differentiation and plays an im-
portant role in the maintenance and homeostasis of KCs.
However, the role of M-CSF and KCs in nonhuman pri-
mates has not been investigated.

Antibodies to M-CSF have been characterized preclini-
cally and clinically as potential treatments for autoim-
mune disease, cancer, and other illnesses. A single as-
cending-dose clinical trial using PD-0360324, a fully
human IgG2 monoclonal antibody to M-CSF, was recently
completed in healthy volunteers to evaluate safety, pharma-
cokinetics, and pharmacodynamics.17 During safety moni-
toring of this clinical study, dose-related increases in the
levels of AST and CK were observed largely in the ab-
sence of other signals of hepatic and/or skeletal muscle
injury. Therefore, the hypothesis that inhibition of M-CSF
affected KC-mediated clearance of short-lived serum en-
zyme levels was considered.

The epitope recognized by PD-0360324 is conserved in
human and nonhuman primate M-CSF but not in other an-
imal species tested. To investigate the hypothesis that se-
rum enzyme clearance is altered after KC reduction and
depletion and to determine its relationship to hepatic and
skeletal muscle pathophysiological features, we investi-
gated the effects of PD-0360324 on KC and serum enzyme
levels in an exploratory safety study using a nonhuman
primate (cynomolgus macaque) model. Independently,
we used dichloromethylene-bisphosphonate [clodronate
(CLO)] liposomes to deplete KCs and to characterize the
impact on several serum enzymes in a rat model. In this
model, liposomes are ingested by macrophages via endo-
cytosis and the phospholipid bilayers are disrupted by lys-
osomal phospholipases. The CLO that is released then
accumulates in the macrophages and leads to cell death
via apoptosis.18 This CLO model has been used extensively
to study macrophages and in particular to assess the role
that KCs play in modulating the inflammatory response ob-
served in models of tissue injury. Examples include liver
damage induced by acetaminophen,19.20 lipopolysaccha-
ride,21 and ethanol.22 Furthermore, we investigated serum
enzyme levels in Csf1op/Csf1op mice, another rodent model
with decreased levels of KCs. For the first time, to our
knowledge, we show in cynomolgus macaques and rodent
models that depletion of KCs is associated with increased
levels of short-lived serum enzymes.

Materials and Methods

Animal Models and Experimental Design

The animal care and experimental procedures for nonhu-
man primate (cynomolgus macaque), rat, and mouse stud-
ies were conducted in compliance with the US Animal Wel-
fare Act and were performed in accordance with the
standards of the Institute of Laboratory Animal Resources
Guide. The Association for Assessment and Accreditation
of Laboratory Animal Care International has accredited the

Pfizer facility in which the studies were conducted.
Experimental Design of the Dichloromethylene-
Bisphosphonate KC Depletion Experiment in Rats

In the dichloromethylene-bisphosphonate (CLO) lipo-
some study, 6- to 7-week-old female Sprague-Dawley
rats (weighing 100 to 150 g) (Charles River Breeding
Laboratories, Raleigh, NC) were used. Rats were housed
individually in hanging polycarbonate cages in a single
room dedicated to the study. The room environmental
conditions had design specifications as follows: minimum
of 12 air changes per hour with air filtered through 90% to
95% efficiency filters and then through high-efficiency
particulate air filters, relative humidity of 50% � 10%
(humidity given as � raw % values), temperature of
21°C � 3°C, and a 12-hour light-dark cycle. Food (Cer-
tified Rodent Diet 5002) and water (purified by reverse
osmosis) were provided ad libitum. A CLO liposome sus-
pension at a standard concentration of 7 mg/mL (http://
www.clodronateliposomes.org; last accessed May 31,
2011) in sterile PBS, a liposome suspension containing only
PBS, was used for the control groups. Rats were randomly
divided into two experimental groups: control and CLO
treated. Body weights for all animals were determined before
dosing. Seven rats per dose per group were i.v. injected once
with either PBS or CLO (28 mg/kg) liposome suspensions (4
�L/g body weight) in the tail vein. Predose blood samples (600
�L) were collected by jugular venipuncture from each animal
before liposome administration. In the CLO-treated rats, ani-
mals were observed daily for clinical signs and food consump-
tion. Clinical chemistry parameters [alanine aminotransferase
(ALT), AST, CK, glutamate dehydrogenase (GLDH), and LDH]
were evaluated in samples collected before dosing and at 4, 8,
24, 48, 72, 96, and 192 hours after liposome administration.
Animals were euthanized at 24, 72, and 192 hours after lipo-
some administration. Liver and gastrocnemius and soleus
muscles were formalin fixed at necropsy, stained by H&E, and
evaluated by light microscopy.

Experimental Design of the CSF-1 Knockout
Osteopetrotic Mouse Experiment

In the knockout study, serum was obtained from male
1-month-old mice generated for a cross of hemizygous
B6;C3Fe a/a-Csf1op/� animals. All mice were genotyped
at Jackson Laboratories, Bar Harbor, ME, to determine
the allelic status of the Csf1 locus. Untreated Csf1op/
Csf1op mice were euthanized, and blood was collected at
necropsy. Serum samples from wild-type, heterozygous,
and homozygous Csf1op/Csf1op mice were analyzed for
ALT, AST, CK, GLDH, and LDH levels.

Experimental Design of the Anti–M-CSF Experiment
in Nonhuman Primates

In the drug PD-0360324 (an M-CSF–neutralizing human
monoclonal antibody) safety study, female nonhuman pri-
mates (cynomolgus macaques, Macaca fascicularis), aged
3 to 5 years (weight, 3.2 to 4.1 kg) (Charles River Labora-
tories, Wilmington, MA) were used. Animals were housed in
a temperature- and humidity-monitored environment, with

targeted temperature and relative humidity ranges of 18°C
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to 29°C and 30% to 70%, respectively. Each assigned an-
imal was implanted with a transponder (Biomedic Data Sys-
tems, Seaford, DE) that was mapped to a permanent study
identification number. In compliance with the Animal Wel-
fare Act, animals were compatible paired and remained in
their designated stainless steel cages throughout the study.
Water was provided ad libitum via an automatic system; a
diet consisting of Lab Diet 5LR9 Certified HI-Fiber Primate
Diet was provided twice daily and was supplemented with
fresh fruit and/or vegetables. The drug, PD-0360324, was
prepared using a stock solution of PD-0360324 that was
refrigerated, prepared weekly in vials, and composed of
10.8 mg/mL in an L-histidine–buffered solution containing
excipients at pH 6.0. The cynomolgus macaques were ran-
domly divided into two experimental groups. Seven female
monkeys per dose were treated with vehicle or 100 mg/kg
PD-0360324 twice weekly for 29 days by the i.v. route of
administration (by slow bolus at a dosing volume of approx-
imately 9.26 mL/kg over an approximate 2.5-minute inter-
val). The required volume of vehicle or drug solution for
each animal was based on the most recent body weight.
Animals were observed daily for clinical signs and food
consumption. Physical examinations were conducted be-
fore testing and during the last week of dosing. Body
weights for all animals were determined before testing; be-
fore dosing on days 1, 8, 15, and 22; and on day 29, before
necropsy. All clinical pathology parameters were analyzed
using Advia and Olympus automated analyzers. Hematol-
ogy parameters were evaluated in samples, containing
EDTA as the anticoagulant, that were collected before test-
ing and on day 29. In addition, ALT, AST, CK, and myoglo-
bin levels were evaluated before testing, on each dosing
day, and on day 29. Blood samples were collected from the
femoral vein from all animals before testing and on the last
day of treatment (approximately 6 hours after dosing) for
measurement of PD-0360324 serum concentrations. Ani-
mals were euthanized on day 30. Then, a complete nec-
ropsy was conducted on all animals, tissues were formalin
fixed, and liver and various muscle sections (ie, diaphragm,
gastrocnemius, soleus, extensor digitorum longus, psoas,
and quadriceps) were stained with H&E and evaluated by
light microscopy.

IHC and Laser-Scanning Cytometry

In the PD-0360324–treated cynomolgus macaque study,
KCs were quantitated in liver sections using CD163-staining
laser-scanning cytometry. Liver tissue was fixed in 10%
neutral-buffered formalin for 24 hours and then paraffin em-
bedded. Unstained sections (thickness, 3 �m) of the left
and right lateral lobes of the livers from control and treated
monkeys were placed on charged slides and air dried.
Immediately before staining, the slides were placed in an
oven at 60°C for approximately 10 minutes to enhance
section adhesion. The Ventana Discovery autostainer was
used for deparaffinization, heat-induced epitope retrieval,
endogenous peroxidase quenching (4 minutes), and a 30-
minute blocking step in Serum Free Dako Blocking Serum
(Dako, Carpinteria, CA). Slides were then rinsed in distilled
water and transferred to a Dako autostainer for incubation with

a KC marker (anti–human CD163 antibody; Santa Cruz Bio-
technology, Inc., Santa Cruz, CA) at 1:150 dilution for 1 hour at
room temperature, followed by incubation with goat anti–
mouse IgG at 1:400 dilution for 45 minutes. This was followed
by a 10-minute nuclear counterstain at 1:400 dilution. Slides
were then removed from the stainer, and coverslips were ap-
plied with Prolong Gold mounting medium. A laser-scanning
cytometer was used to evaluate the CD163 staining over the
area of the liver comparing control with treated monkeys.

IHC and Quantitative Image Analysis

In the CLO-treated rat study, KCs in livers were quanti-
tated using ED2 staining immunohistochemistry (IHC) in
liver sections obtained at 24, 72, and 192 hours after
liposome administration. Portions of the left lateral liver
lobe were fixed in 10% neutral-buffered formalin for 24
hours and then paraffin embedded. Unstained sections
(5-�m thick) were then cut and placed on charged slides
and air dried. The Leica Autostainer XL was used for
deparaffinization and hydration. Antigen retrieval was
performed using Dako Proteinase K (Dako, Carpinteria,
CA) for 2 minutes. Slides were then rinsed in distilled
water and transferred to a Dako autostainer for endoge-
nous peroxidase quenching (2 minutes). A 10-minute
blocking step (two times) was performed in a Dako Biotin
Blocking System, followed by 20 minutes in Dako Protein
Block and incubation with ED2 (anti-rat CD163 antibody;
Serotec, Raleigh, NC) at 1:100 dilution for 1 hour at room
temperature. Finally, incubation was conducted with
Vector biotinylated horse anti-mouse rat adsorbed
IgG1 at a 1:150 dilution for 45 minutes. This was fol-
lowed by 30-minute Vector Elite Avidin-Biotin Chro-
magin incubation. The slides were developed in Dako
Liquid DAB� (Dako) for 5 minutes and counterstained with
Mayer’s hematoxylin (Dako), dehydrated, and covered with
coverslips. For image analysis, a slide containing two sec-
tions of liver from each animal was imaged and captured on
the Hamamatsu NanoZoomer virtual slide scanner (Olym-
pus, Center Valley, PA) using the �20 objective setting. The
images were collected and stored in Bacus Image Slide
Format (Bacus Laboratories, Olympus). Virtual images were
opened in Bacus WebSlide Enterprise software (Bacus
Laboratories), and two images per section were captured at
�10 objective virtual magnification from each section of liver
and saved as .jpg images for ED2 stain quantification. Image
Analysis images were opened in Image Pro-Plus (Media Cy-
bernetics, Inc., Bethesda, MD). A macro was used to apply a
�10 objective calibration to each of four images per animal. A
value representing the percentage of stain area to tissue area
for each image was collected, and a mean of percentage stain
area was calculated for each animal.

Statistical Analysis

In the nonhuman primate safety study, statistical analysis
of body weight data was conducted; a comparison of
treated with control groups was performed on rank-trans-
formed data using a t-test applied at two-tailed 1% and
5% significance. Analysis of AST, ALT, and CK was per-
formed on rank-transformed data using a t-test applied at

a one-tailed 1% and 5% significance level (testing for an
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increase in these parameters for the drug-treated group
compared with the control group). Statistical analyses of
quantitative IHC data in nonhuman primates were per-
formed using repeated-measures analysis of variance, ac-
counting for two experimental measures per animal (right
and left lobes). In the rat CLO study, serum enzyme data
were analyzed by comparing treated with control groups
using a one-tailed Kruskal-Wallis test, applied at 1% and 5%
significance. All parameters were analyzed separately for
each point. Similarly, a one-tailed Kruskal-Wallis test was
used to compare serum enzyme data from the wild-type,
heterozygous, and homozygous Csf1op/Csf1op mice.

Results

No Changes in Clinical Signs, Physical
Examination Findings, Food Consumption,
Body Weight, or Hematology Parameters, with
the Exception of Monocytopenia, in the
PD-0360324–Treated Cynomolgus Macaques

There were no treatment-related changes in clinical
signs, physical examination findings, food consumption,
body weight, or hematology parameters, with the excep-
tion of selective monocytopenia in the PD-0360324–
treated cynomolgus macaque group, that were similar to
observations in previous toxicology studies with this drug
and consistent with the effects of M-CSF on monocytes.
Serum drug concentrations were evaluated at the end of
the dosing period in animals receiving PD-0360324 and
were increased and consistent with past experience at
the 100 mg/kg dose level (data not shown). The circu-
lating level of CD14�CD16� monocytes, a pharmaco-
dynamic marker of the PD-0360324 mechanism of ac-
tion, was evaluated in all animals. Consistent with the
M-CSF expected pharmacological characteristics, this
marker was maximally suppressed in the PD-0360324–
treated group but was not altered in the control group.
Clinical chemistry parameters were unaffected, with the ex-
ception of PD-0360324–related increases in AST and CK.

No Evidence of Liver or Muscle Injury but
Significant Reduction in KCs after PD-0360324
Treatment

A histopathological assessment of the liver and various
skeletal muscle groups (ie, diaphragm, gastrocnemius,
soleus, extensor digitorum longus, psoas, and quadri-
ceps) did not reveal notable differences between the
treatment and control groups. Liver sections were also
evaluated by laser-scanning cytometry with antibodies to
CD163, a macrophage marker. At the end of the dosing
period, CD163� cells in liver sections were significantly
reduced in all animals receiving PD-0360324 (Figure 1).
Treatment with PD-0360324 was associated with a twofold
to threefold reduction in CD163� (Kupffer) cells in the left

and right lateral liver lobes compared with control animals.
Significant Increases in AST and CK Enzyme
Levels in Cynomolgus Macaques with
PD-0360324 Treatment

Treatment with PD-0360324 was associated with a two-
fold to threefold increase in the level of AST (Figure 2A)
during the dosing period. In control animals, mean AST
values did not appreciably change and ranged from 36 to
68 U/L. In contrast, mean AST values in animals receiving
PD-0360324 ranged from 76 to 141 U/L (Figure 2A).
PD-0360324 treatment was also associated with an in-
crease in the level of CK (Figure 2C); however, this pa-
rameter was associated with greater intra-animal and

Figure 1. Nonhuman primate (cynomolgus macaque) liver section CD163
and KCs by laser-scanning cytometery (LSC). A: Liver section from a control
monkey showing many scattered KCs. B: Liver section from a drug-treated
monkey (the drug is a novel neutralizing human M-CSF monoclonal anti-
body) showing significantly fewer KCs. C: LSC quantitation. LLL indicates left
lateral lobe; and RLL, right lateral lobe. There was a significant decrease in
KCs in treated animals. *P � 0.05, **P � 0.01.
interanimal variability. In control animals, the mean CK
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ranged from 78 to 2663 U/L, whereas in animals receiving
100 mg/kg PD-0360324, the mean CK ranged from 332 to
7499 U/L (Figure 2C). In contrast to the treatment-related
changes observed in AST and CK, no change was ob-
served in the levels of serum ALT or myoglobin (Figure 2,
B and D). Although ALT levels did not reach statistical
significance in PD-0360324–treated animals, there was
an increase compared with controls.

No Changes in Clinical Signs, Physical
Examination Findings, Food Consumption, or
Body Weight with CLO Treatment in Rats

Next, we sought an independent method to deplete mac-
rophages and characterize the effects on serum en-
zymes. Agents such as gadolinium chloride and CLO
liposomes are effective at depleting macrophages in vivo
and have been used in numerous studies19,23 to investi-
gate the role of KCs in hepatic physiology. However, to
our knowledge, the effects of these agents on serum
enzyme levels have not been reported. Therefore, by
using a rat model, we characterized the effect of CLO on
KCs and investigated the effects of CLO-mediated KC de-
pletion on several serum enzymes. Rats were divided into
matched treatment groups and received a single i.v. injec-
tion of CLO (28 mg/kg) or PBS. There were no treatment-
related changes in clinical signs, body weight, or food con-
sumption parameters in rats treated with CLO or PBS.

No Evidence of Liver or Muscle Injury but
Significant Decreases in KCs after CLO
Treatment in Rats

Similarly, histopathological examination findings of the
liver and muscle sections by light microscopy did not
reveal significant differences between the treatment and
control groups. To characterize the effects of CLO on
KCs in rat liver, we performed morphometric analysis and
IHC using the previously characterized monoclonal anti-

body ED2 macrophage marker. Rats treated with PBS
maintained normal levels of ED2� cells in the liver
throughout the experiment (Figure 3A). In contrast, rats
given CLO experienced a rapid decrease in ED2� cells
(Figure 3B), similar to previous reports.21 Liver sections
from CLO-treated rats exhibited a marked decrease in
ED2� cells, observed 24 and 72 hours after treatment,
and a moderate decrease by 192 hours (Figure 3C).

Figure 2. Clinical pathology serum enzyme lev-
els in nonhuman primates (cynomolgus ma-
caques) after treatment with a novel neutralizing
human M-CSF monoclonal antibody: AST (A), ALT
(B), CK (C), and myoglobin (D). A: There were
significant increases in AST mean values after treat-
ment with a novel neutralizing human M-CSF
monoclonal antibody. B and D: ALT and myoglo-
bin mean values, respectively, did not change. C:
CK values show large variability. **P � 0.05,
***P � 0.01 versus control. Triangles indicate
control; squares indicate treated, dashed line
indicates lower limit; and dotted line indicates
upper limit.

Figure 3. IHC of ED2 macrophage marker on liver sections obtained from
rats that are either treated with PBS (A) or CLO liposomes (B) at 24 hours
after treatment. There was a marked reduction in ED2� cells in liver (arrow)
from CLO-treated rats. Original magnification, �20. Image analysis of ED2
ratios (percentage of positive stained cells/total nuclei) for animals who
underwent necropsy at 24, 72, or 192 hours after CLO administration (C).

�
There was a marked reduction in ED2 cells at 24 and 72 hours and a
moderate reduction at 192 hours. ***P � 0.0005 versus control.
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Significant Increases in AST, CK, ALT, GLDH,
and LDH Enzyme Levels in Rats with CLO
Treatment

Blood samples were collected before dosing and at 4, 8,
24, 48, 72, 96, and 192 hours after treatment to investigate
the effect of CLO-mediated KC depletion on serum levels of
ALT, AST, CK, GLDH, and LDH. As expected, serum en-
zyme levels in rats treated with PBS were within normal
limits. In contrast, the levels of AST, ALT, CK, GLDH, and
LDH were increased after CLO treatment, reaching maxi-
mal levels within the first 2 days after treatment and then
returning to normal levels by 192 hours (Figure 4, A–E). The
greatest magnitude increase, relative to serum enzyme lev-
els in control animals, was observed in LDH (Figure 4D),
which exhibited a 25-fold increase in absolute value at 24
hours, remained elevated until 72 hours, and decreased
markedly by 96 hours before returning to normal levels by
192 hours. Levels of GLDH (Figure 4E) and AST (Figure 4A)
showed a similar transient pattern and attained 10-fold and
fourfold increases, respectively, relative to control levels at
24 hours. CK (Figure 4C) attained a maximal eightfold in-
crease earlier than the other enzymes, at 8 hours after CLO
treatment. In contrast to the temporal pattern exhibited by

LDH, GLDH, AST, and CK, the levels of ALT (Figure 4B)
experienced only a mild increase of approximately 50% at
24 hours after CLO treatment.

Significant Increases in AST, CK, ALT, GLDH,
and LDH Enzyme Levels in the Csf1op/Csf1op

Knockout Mice

In the heterozygous knockout mice, only the level of ALT
was slightly (30%) elevated, and the levels of AST, CK,
GLDH, and LDH were not significantly different from wild-
type littermates (Table 1). The overall similarity between
wild-type and heterozygous mice is consistent with the re-
cessive nature of the CSF-1 gene. By comparison, all five
serum enzymes analyzed were significantly increased in the
homozygous mice compared with wild-type and heterozygous
mice. The serum enzyme with the greatest increase in
Csf1op/Csf1op mice was LDH (10-fold); the increase in the
other serum enzymes ranged from threefold to sixfold.

Discussion

KCs represent a major tissue macrophage population
with critical roles in innate immunity and the clearance

igure 4. Clinical pathology serum enzyme levels in rats after treat-
ent with CLO liposomes: AST (A), ALT (B), CK (C), LDH (D), and
LDH (E). There were significant increases in all enzyme values after
LO treatment within the first 48 hours. *P � 0.05, **P � 0.01 versus
ntrol. Triangles indicate control; squares indicate treated; dashed

ne indicates lower limit; and dotted line indicates upper limit.
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of senescent or malformed red blood cells.5,6 Perhaps
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less widely appreciated is the role of KCs in regulating
homeostasis of soluble bloodstream constituents, such
as growth factors, hormones, and enzymes. In partic-
ular, the role that KCs play in maintaining homeostasis of
serum enzymes and the in vivo effects of KC modulation on
serum enzyme levels have not been well characterized.
Herein, we present, for the first time to our knowledge, data
showing that in vivo modulation of KCs is associated with
kinetic changes in the levels of several short-lived serum
enzymes not related to tissue injury.

The steady-state levels of short-lived enzymes are sub-
ject to rapid change after a significant change in either their
production or their clearance. Several serum enzymes,
such as ALT, AST, CK, and LDH, are widely used as indi-
cators of tissue injury; the steady-state level of these en-
zymes is low in the healthy population but may increase
markedly after injury to a specific tissue or organ, such as
hepatic or skeletal muscle injury. Increases in CK and AST
were observed in PD-0360324–treated monkeys. However,
although these serum enzymes were elevated after KC reduc-
tion, either with an anti-M-CSF drug or by CLO administration,
no histopathological evidence of either hepatic or skeletal
muscle injury was observed in our studies in either nonhuman
primates or rats. In addition, the levels of myoglobin (a muscle
protein that increases in muscle injury) in drug-treated nonhu-
man primates were similar to those in controls.

Despite the increases in circulating CK and AST, in-
creases in ALT levels did not reach statistical significance.
This may be attributed to alternate routes of clearance for
AST and ALT and/or different half-lives of the circulating
enzymes. AST and ALT undergo endocytosis by nonparen-
chymal liver cells, including KCs and endothelial cells.24,25

Thus, it is possible that ALT is cleared predominately by
endothelial cells, whereas the depletion of KCs has a more
dramatic effect on AST, leading to the observed increase in
circulating concentrations. The half-lives of serum enzymes
vary widely, from a few hours to several days. Enzymes
such as LDH, CK, and AST are short-lived and have half-
lives �16 hours, whereas the ALT half-life is estimated to be
approximately 48 hours.26 Differences in half-life can have
significance for clinical diagnosis. For example, differences
in the stability of ALT and AST explain the distinct temporal
pattern of enzyme accumulation after blunt trauma to the
liver and assist in estimating when the trauma occurred.27

CD163 is a macrophage scavenger receptor ex-
pressed on most subpopulations of mature tissue mac-
rophages, including KCs.28 The significant reduction in
KCs (CD163� cells) in liver sections from PD-0360324–
treated nonhuman primates confirmed the pharmacolog-

Table 1. Clinical Pathology Serum Enzyme Levels in Wild-Type,

Phenotype ALT AST

Wild type 32.4 � 4.6 61.7 � 17.5
Heterozygous 41 � 7* 70.6 � 13.2
Homozygous 113.8 � 45.3* 360.1 � 105.9*

There were significant increases in all enzyme values in Csf1op/Csf1o

*Significantly different from the wild type (P � 0.01).
ical effects of the drug on the tissue macrophage popu-
lation. The initial observation in nonhuman primates
that depletion of M-CSF leads to reductions in KCs and
increases in serum enzymes is consistent with earlier
reports24,25,29 demonstrating a role for KCs in enzyme
clearance. Similarly, ED2, which recognizes a mem-
brane-bound antigen selectively expressed in the mono-
cyte/macrophage lineage,30,31 was significantly de-
creased in CLO-treated rats. KCs are the cell population
responsible for most serum enzyme clearance, as dem-
onstrated by the research of Smit et al,25 who showed
that injection of radiolabeled enzymes resulted in the
accumulation of radiolabel in the liver, spleen, and bone
marrow. Subsequent cell fractionation experiments dem-
onstrated that the radiolabel specifically localized to the
macrophage cell population.25

In the 4-week study in cynomolgus macaques, treat-
ment with PD-0360324 caused KC levels to decline to
approximately 40% when compared with the level seen in
vehicle-treated animals. This prolonged M-CSF neutral-
ization was sufficient to attain a maximal effect on tissue
macrophage populations because the effect of M-CSF
withdrawal on CD14�CD16� monocytes reached steady
state within 1 to 2 weeks. The marked reduction in KC
levels is consistent with the effects of CSF-1 withdrawal in
mouse models.14–16 Furthermore, KC depletion in rats
and in nonhuman primates, coupled with the increase in
serum enzymes without evidence of liver or skeletal mus-
cle injury, is consistent with what has been observed in
the Csf1op/Csf1op mouse model, an osteopetrosis model
with a defect in M-CSF production. No histopathological
evidence of either hepatic or skeletal muscle injury was
observed in the Csf1op/Csf1op mouse model.32 As noted
earlier, Csf1op/Csf1op mice have only 30% of the level of
KCs compared with wild-type mice.11 In these mice, our
results show significant increases in multiple serum en-
zymes, consistent with serum enzyme increases ob-
served in our nonhuman primate model. In nonhuman
primates and rodents, M-CSF appears to be required to
maintain tissue macrophage populations; other factors,
perhaps granulocyte–M-CSF, function to maintain mac-
rophage levels in the absence of M-CSF.

To further test the role of KCs in enzyme clearance, we
used a rodent model of KC depletion in which CLO-
encapsulated liposomes were injected i.v. and targeted
KCs. As previously discussed, the CLO model has been
used to study the role that KCs play in modulating the
inflammatory response observed in models of tissue in-
jury. The results presented herein demonstrate that this
rodent model can also be used to study serum enzyme

�, and Csf1op/Csf1op Mice

um enzymes (U/L)

CK GLDH LDH

168.8 � 114.2 11.5 � 1.9 233.4 � 94.9
154 � 61.2 14.6 � 5.5 244 � 59.3

506.5 � 303.1* 39.2 � 19.9* 2972.6 � 845.7*
Csf1op/

Ser

p

clearance. Although earlier publications have suggested a
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role for KCs in the clearance of LDH, CK, and AST, our
findings demonstrate that serum GLDH levels are increased
in KC-depleted rats, suggesting that this enzyme is also
cleared by KCs. Further characterization of serum from
animals treated with CLO liposomes could reveal additional
blood constituents that are also cleared by KCs.

In summary, by using three distinct mechanisms of de-
pleting KCs [ie, blockade of KC differentiation and/or sur-
vival via neutralization of M-CSF with PD-0360324 (nonhu-
man primates) or genetic deficiency of CSF (Csf1op/Csf1op

mice) and ablation of resident KCs with CLO liposomes],
we demonstrated that KCs regulate the steady-state lev-
els and kinetics of several short-lived serum enzymes,
including enzymes that are often used as indicators of
hepatic and/or skeletal muscle injury during medical
practice and clinical trials. Furthermore, the observation
that increases in serum enzymes can be the result of a
decrease in KCs, and not a response to hepatic or muscle
tissue injury, has broad implications for the interpretation of
clinical chemistry data by providing an alternative explana-
tion for the increases in serum enzymes that are normally
considered markers of tissue injury.
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