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The interactionof microparticleswith macrophages
in tissue culture has been characterized (2â€”4)as a
three-stage process: (a) attachment at the receptor of the
macrophage membrane, (b) phagocytosis, and (c) in
tralysosomal degradation of the engulfed material.

To evaluate macrophage functions in vivo, clearance
rates of inert test colloids from peripheral blood were
determined in patients (5â€”10).However, blood clearance
might be considerably influenced by the complex dis
tribution of the test material and the heterogeneity of the
macrophage populations (11). Colloid clearance rates,
therefore, rather indicate an ill-defined global RES
function and are not conclusive in assessing parameters
of phagocytic activity of macrophages (1 I).

Since the only phagocytic cells of the liver's sinusoids
are Kupffercells (12), which extract 80â€”90%of micro
particles per blood passage (5), externally registered
time-activity curves over the liver after injection of ra
dioactively labeled biodegradable colloids reflect turn
over of test particles in this cell population. Moreover,
specific parameters of the Kupffer cell can be obtained
by the analysis of the tracer's elimination from the
liver.
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MATERIAL AND METHODS

Testcolloid.CommerciallyavailableTc-99m-labeled
serum albumin microparticles* (Tc-HSA-MM), a de
gradable tracer, was used as a test colloid (13). Ninety
percent of the particles range between 0.5 and 2.0 zm,
with 1.3 X 108 particles per mg protein. The labeling
yield was at least 95% (13).

Stringent quality control was assured in each batch
ofTc-HSA-MM by scanning electron microscopy (Fig.
I) and dialysis ofthe labeled particles (14). Dialyzable
activity after a 90-mm incubation period in human serum
at room temperature was (2.0 Â±0.75)% (mean Â±s.e.m.)
of the total activity of the Tc-HSA-MM suspension. The
labeled particles were injected i.v. within 90 mm after
reconstitution of the test kit with pertechnetate (Tc
99m).

Controls. Four male and six female subjects with
sporadic nontoxic goiter (mean age 52 yr. range 35-72)
wereconsideredas a controlpopulation,sincein previous
studies (15) no significant difference in Tc-HSA-MM
turnovercouldbe foundbetweenpatientswithsporadic
nontoxicgoiterandsixhealthyvolunteers.In thecontrols
and in tumor patients the followingdata wereobtained:
blood smear, differential count, erythrocyte sedimen
tation rate, transaminases, alkaline phosphatase, serum
protein, serum electrophoresis, and carcinoembryonic
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Three-Compartmentanalysiswas usedto assessthe kineticsof phagocytosis
of Tc-99m-Iabeied human serUm albumin mlcroparticles(Tc-99m HSA-MM) in
human Kupffer cells In vivo. The tracer turnover in these phagocytic cells could be
describedby a monoexponentialaccumulationwitha two-stageeliminationphase.
Three-compartment analysis of the Tc-99m HSA-MM kinetics allowed us to quantI
fy tracer aftachment, phagocytosis, and degradation In Kupffer cells. The calculat
ed time courseof phagocytosisinten controlsubjectsprovedto be identicalto that
of phagocytosis of various test substances in mouse macrophage monolayers ( 1).
In addition, an impairment of particle turnover at the macrophage membrane, a
significantly diminished (p < 0.01) phagocytosis rate of the tracer, was observed
in ten patientswith varioustumors.
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TABLE2. SLOPESFOUNDBY COMPUTER
APPROXIMATIONOF TIME-ACTIVITY CURVES
(ROI-LIVER) IN 10 CONTROL PERSONS AND

10 TUMOR PATiENTS
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room temperature. Tc-HSA-MM were isolated from
peripheral blood samples by centrifugation in microca
pillaries in sodium metrizoatet at 3000 g (/4).

Data evaluation. A region of interest was selected over
the right lobe of the liver. The time-activity curve ob
tamed over this ROl (Fig. 3) was fitted with three ex
ponential functions by a computer program that opti
mized the approximations. The slope (g@)and intercept
(J1) for the accumulation phase of the turnover curve
were determined, as well as the slopes and intercepts for
the fast (ga, J2) and slow (g3, J3) components of the
elimination phase.

By4 mm after the injection,â€˜â€”.-65%of Tc-HSA-MM
is located in the liver, whereas â€˜@-â€˜35%is found in pe
ripheral blood. The background due to radioactivity in
the liver's sinuosoidal blood volume was estimated as
<3% of theradioactivityboundtotheKupffercells,and
can therefore be neglected. For this estimate the total
blood volume was taken as 5000 ml, the liver sinusoidal
blood volume 300 ml (16), and the Tc-HSA-MM
blood-clearance rate constant 0.35/mm (see Table 2).

TABLE 1. DIAGNOSIS ANDThM
CLASSIFICATiONOF TUMORPATiENTS

F.K. Breastca

K.D. Breastca
A.N. Breastca

P.H. Prostateca
D.B. Hodgkin

Amyloldosis

P.S. Non-Hodgkin
Lymphoma

H.A. Thyroidca
(Sfruma maligna

Ianghans)

rtc. Bronchialca
(adeno-ca)

Sch.P. Bronchial ca

(small cell ca)

P.E. Colonca
(sigmold)

T2,N2b,M1C2
T2,Nib,Ml
Tla, N3b, M1C2

T3-4, NX, M1C2

Ill B

Ill

rTl,NO,MO

T2, NO,MO

Ti,NO,MO

T3a, Ni, MX
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FIG. 1. ScannIngelectron micrographof Tc-H5A-MM;X
10,000.

antigen. In the control population all these parameters
were in the normal range.

Patients. Ten patients with malignancies(six male,
four female) with a mean age of 55 yr (range 35-70)
were classified according to the histological type of dis
ease and clinical status according to the TNM classifi
cation (17) of the Union International Contre Cancer
(UICC) (Table I). On the basisof the clinicalstatusand
the serological and scintigraphic findings, there was no
evidence of liver invasion by the primary tumor, liver
metastases, or inflammatory liver disease. All patients
were examined before the beginning of curative or ad
juvant therapy.

Patient examination. Two millicuries Tc-HSA-MM
(0.02 mg/kg body weight) were injected i.v. as a bolus.
The radioactivity distribution in the lower thorax and
upper abdomen was recorded with a large-field gamma
camera in anterior projection. The frame rate was one
frame per 15 see, the registration time 90 mm. In control
subjects, serial blood samples (2 ml) were obtained and
dialyzed against phosphate-buffered saline (PBS) at
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FIG. 2. TIme-activity curve registered over liver ROl of control
subject after lv. bolus injection of 2.0 mCi Tc-H5A-MM.
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RESULTS
FIG.4. Timecourseof radioactivityin bloodanddialysatein control
subjects(â€¢)andtumorpatients(a),andbloodclearancecurveof
Tc-HSAmicroparticles(x).

(Fig. 5). Compartment I describes the particle distri
bution pool, with g@the slope of the curve for particle
clearance from the circulation. Compartment 2 was
considered to reflect the particle turnover at the ma
crophage membrane, with a two-way flow of activity: (a)
backflow of dialyzable activity into the circulation, and
(b) phagocytosis of the bulk of the membrane-bound
activity. Compartment 3 was related to the intracellular
space of the Kupffer cells, and reflects the time course
of phagocytosis and subsequent metabolic degradation
of the colloid. Assuming first-order kinetics for the
particle transport (20) and that the turnover curve ob
tamed over the liver ROl is the sum of the membrane
associated and the intracellular bound activity, the
constants k21, k02, k32, and@ were calculated as de
scribed in the Appendix. Figure 6 shows typical calcu
lated time-activity curves in Compartments I , 2, and 3,
obtained in a normal person (fine curves) and, for com
parison, in a tumor patient (heavy curves). The rate
constants found in ten control persons are summarized
in Table 3.

In tumor patients, marked changes ofTc-HSA-MM
turnover are observed (Table 2). The steeper slope (ga)
indicates an accelerated Tc-HSA-MM clearance from

3

Tc99m-
PARTICLE

km___DISTRIBUTION
POOL

FIG.3. Computerapproximationoftime-activitycurvefromliver FIG.5. CompartmentalmodelforTc-H5A-MMdispositionin v.
ROI. Kupffercells.
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Curve parameters. Figure 2 shows a time-activity
curve registered over the liver ROI in a normal person
after i.v. injection of Tc-HSA-MM. The curve has a
steep upslope and a two-phase elimination period. The
computer-fitted curve is shown in Fig. 3. Tracer accu
mulation shows a monoexponential upslope (g@
0.377/mm) whereas its elimination period can be de
scribed by two components (g@ 0. 133/mm, g3
0.027/mm, Table 2), suggesting a particle turnover
controlled by at least three time-limiting processes.

The blood clearance and the time-activity curves for
dialyzable activity obtained in five normals (Fig. 4) in
dicate: (a) a fast clearance of Tc-HSA-MM from pe
ripheral blood; (b) a coincidence between the increasing
dialyzable activity between 4 and 30 mm in peripheral
blood and the fast elimination component of the ROI
turnover curve; and (c) the relatively constant concen
tration of dialyzable activity in peripheral blood between
30 and 90 mm, which indicates a steady state of pro
duction and disposal of dialyzable Tc-99m activity.
Figure 4 also shows the clearance ofTc-HSA-MM iso
lated from peripheral blood of five control subjects.

Compartmentalmodel.On the basisof the principal
characteristics of the interaction of particulate material
with macrophages (i.e., attachment, phagocytosis, di
gestion) (2,4, 11,12, 18) a three-compartment model was
proposed for the pharmacokinetics of Tc-HSA-MM
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FIG.6. calculatad time-activity curves in Pools 1, 2, and3 in rep
resentative control subject (light curves) and a tumor patient (heavy
curves).

the circulation. Constants g@and g3, characterizing the
elimination ofTc-HSA-MM from the liver, are dimin
ished compared with controls. The constant k32 (char
acterizing phagocytosis) as well as k02 and ko@(charac
terizing extracellular and intracellular Tc-HSA-MM
decomposition) were reduced. Tc-HSA-MM turnover
in Pool 2 and invasion into Pool 3 were markedly re
tarded (Fig. 6). A retarded and diminished reappearance
of dialyzable activity in the peripheral blood of tumor
patients was observed (Fig. 4).

DISCUSSION

The analysis of externally registered time-activity
curves from an hepatic ROl after application of Tc
99m-labelcd biodegradable microparticles revealed three
slopes, g@'g@,and g3, varying only in narrow ranges in
control subjects. This finding indicates an interaction of
Tc-99m-labeled microparticles with Kupffer cells con
trolled by at least three time-dependent processes, and
it fits well to the three-stage process of microparticle
endocytosis found in vitro (2,4,11,12,18): attachment
of microparticles at the macrophage membrane, phag
ocytosis, and biodegradation. Taking into account this
three-stage process, we have proposed a three-corn
partment model for the turnover of Tc-HSA-MM in
Kupffer cells (19), which allows global quantitation of
microparticle transport in these cells.

The accumulationof tracer in the liver is character
ized by k21, which might be influenced by the liver's si
nusoidal blood flow (23), the in vivo opsonisation of the
test particles (22), the test-particle surface, the number
and density of receptor sites at the Kupffer-cellmem
brane (24,25), the number and phagocytic capacity of
the Kupffer cells, and also of the function of the entire
body RES. This k21, therefore, as obtained from the
hepatic turnover curve, does not specifically describe the
phagocytic activity of Kupffer cells.

The eliminationof tracer fromthe liver,however,can

TABLE 3. RATE CONSTANTS OF THE ThREE
COMPARTMENTMODEL IN 10 CONTROL

SUBJECTS AND 10 TUMOR PATIENTS

30
TIME (minI
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0.00013
0.00219
0.00087
0.00164
0.00135Â±

0.00083

P.H.
K.D.
D.B.

A.N.
P.S.
H.A.
N.C.
P.E.

F.K.
Sch.P.

@ Â±s.d.

0.41
0.529
0.402
0.387
0.571
0.684
0.642
0.642
0.521
0.604
0.54Â±
0.11

0.1346
0.066
0.0853
0.0016
0.069
0.062
0.00541
0.0157
0.059
0.05 12
0.055Â±

0.04

0.0084
0.017
0.0147
0.00011
0.027
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be expected to describe a specific Kupffer-cell function,
since biodegradation of Tc-HSA-MM, characterized by
g2 and g3, is diminished by a factor of at least three
compared with the transport of radioactivity from the
liver. The latter is governed mainly by the sinusoidal
blood flow, which can be characterized by a value at least
close to that of g@.

The particle turnover at the macrophagemembrane
(Compartment 2) was considered as a two-way flow of
activity. First, decomposition and backflow of dialyzable
activity into the circulation (characterized by k02), re
sulting in a significant rise of dialyzable blood activity
(Fig. 4), which exceeds the activity released by passive
diffusion during dialyses ofTc-HSA-MM in vitro (14).
Release of dialyzable activity therefore seems to be
caused by an active metabolic process occurring during
the transport of Tc-HSA-MM across the macrophage
membrane, possibly caused by proteases secreted by
macrophages during phagocytosis (26). Second, phag
ocytosis of microparticle-bound activity, characterized
by k32. The in vivo determination of phagocytic prop
erties of Kupffer cells might be hampered, however, by
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several factors, for example in vivo opsonic activity of the
patient's serum (22), enzyme activity of blood and tissue
fluid (/8), functional heterogeneity of phagocytic cells
(1 1,18), and extrahepatic determination of hepatic curve
parameters without allowance for Tc-HSA-MM not
associated with macrophages or for its metabolic activity.
Interestingly enough, however, the time course of pha
gocytosis of Tc-HSA-MM in vivo, as predicted by the
model, is in good agreement with the time course of
phagocytosis determined in vitro in macrophage mono
layers using C- 14-labeled tubercle bacilli or starch-gel
particles as test substances (1).

Tracer elimination from Compartment 3 (charac
terized by k03) was considered to reflect the half-life (â€œ@â€˜4
hr) of proteolysis and backflow of degradation products
of Tc-HSA-MM from the Kupffer cells in control
subjects. This is shorter than the half-life of 8â€”48hr
observed for proteolysis of I- I 25-labeled antigen-anti
body complexes in macrophage monolayers (27) and
might be explained by noncovalent surface labeling of
the preformed globular test colloid.

In tumor patients, the kinetics ofTc-HSA-MM was
changed: Though k21 indicated an accelerated clearance
of tracer from the circulation, microparticle transport
across the macrophage membraneâ€”and accordingly
phagocytosisâ€”were markedly delayed. Release of di
alyzable activity into the blood (Fig. 4) was also delayed
and diminished. Since no liver metastases or direct tumor
invasion into the liver could be detected, interaction of
Kupffer cells with products of tumor origin might be
postulated. Modulation of lymphoreticular cell functions
by tumors has been shown in experimental animals as
well as in man (28). Potential modulating products of
tumor origin are prostaglandins, chemotactic factors,
immunosuppressive peptides (30,28), membrane gly
coproteins (29), tumor antigens, antigen-antibody
complexes (30), and cell-directed inhibitor (CDI) (31).
CDI has also been shown to suppress the phagocytic
response of neutrophils (31 ). Thus impaired phagocytic
properties of Kupffer cells might reflect a modulation
of the immune status of these patients. Further studies
should clarify the interrelationship between stage and
biological behavior of neoplasms, immune status, and
Kupffer-cell function.

CONCLUSIONS

I . Tc-99m microparticles offer a suitable tracer for
the evaluation of Kupffer-cell function in vivo.

2. Three-compartment analysis of Tc-HSA-MM
turnover allows quantitation of in vivo Kupffer-cell
functions in man.

3. In all tumor patients examined, a greatly reduced
phagocytosis of particles is observed.

FOOTNOTES

9 TcK-9, Isotopen-Dienst West GmbH, Dreieich, FRG.

t Isopaque, I, 13 w/v, Deutsche Pharmacia GmbH, Freiburg,
FRG.

APPENDIX

Thesolutionsofasystemofequationsdescribinganunrestricted
three-compartment system (30) can be written as

q1(t) R1(t)
Compartment I : â€” = I@ e91@ I .0 . e81@

qlo R30

Compartment2:@ =@ = K1 . e91@@ 4 K2 . @82@
qio R10

q3(t) R3(t)
Compartment 3: â€” = = L1 . @â€”5i+ L2 . Câ€”52@

qlo R10

+ L3 . e83@

where q@(t)/q@ois the fraction ofdose, qto, in compartment x; R@
(t)/R10arearbitraryunitsofcountratesofa radiationdetector
lookingatcompartmentx;andg1,H,,k, andL aretheslopesand
normalized intercepts of curves for quantity of tracer in the i'@'
compartment. It is assumedthat the contribution of Compartment
I to the hepatic turnover curve is negligible. Thus the equation for
the hepatic turnover curve is given by

RROI(t)= (K1+ L1) . @5i. t + (K2+ L2). @52@
+ L3 . @â€”g3@

Thefollowinghepaticparameterscanbecalculatedfromslopes
(gi) and intercepts (J1) of the ROI turnover curve:
I . Turnover rate constants:

where

k32 (g3â€”g@)(g@g3)(A+ I)
A(g3 â€”g@)â€”g@+ g3

k02 g@ â€”k32,

k21 g@,

k03 g3;

A =@ = K1+ L1
J2 K2+L2'

andJ1isthe i'@'interceptof the ROl turnovercurve.

2. Intercepts:K1
g2 â€”

K2 â€”K1

L1 k32. K1
(g3 â€”gi)

(â€”1)
L2 k32. K1

(g3 â€”g2)

L3 k32.
(g3â€”gi).(g3 g2)
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