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ABSTRACT

Human monocytes are involved in host defense against neoplastic cells.
In view of cellular immunotherapy with cytotoxic monocytes in minimal
residual disease of acute myeloid leukemia we have studied the role of
monocytes in cell cycle dependent leukemic cell death of U937, THP-1, and
HL-60 cells in vitro. Leukemic cells separated in GI of the cell cycle by

countercurrent centrifugal elutriation were highly susceptible to monocyte
mediated cytotoxicity, whereas cells in S and G2-M were less sensitive or
completely resistant as compared to unfractionated control cells. HL-60

cells resistant to cytotoxic monocytes became sensitive to monocyte medi
ated cytotoxicity upon differentiation induction with 1,25-dihydroxyvita-

iii in I), which paralleled an accumulation of cells in G t of the cell cycle.
The differences in susceptibility of cell phase separated populations to
monocyte mediated cytotoxicity paralleled differences in sensitivity to the
cytotoxic effects of tumor necrosis factor a, as secreted by y-interferon

activated monocytes. Furthermore, monocyte mediated cytotoxicity was
markedly inhibited in the presence of anti-CDll/CD18 monoclonal anti
bodies recognizing the a and ÃŸchains of the ÃŸ2-integrinadhesion proteins.

By fluorescence activated cell sorter immunofluorescence a marked in
crease in mean fluorescence density of the ÃŸ2-integrins could be demon

strated on cells in GI of the cell cycle as compared to unseparated leukemic
cells. A decrease in mean fluorescence density was shown for cells in G2-M.
By blocking experiments with anti-CDll/CD18 monoclonal antibodies, the

differences in mean fluorescence density were functionally relevant since
cells in G! were shown to be the most sensitive cells to ÃŸ2-integrindepen

dent monocyte mediated cytotoxicity. In conclusion these data show that
differences in sensitivity to tumor necrosis factor and in the expression of
ÃŸ2-integrins may play a central role in cell cycle dependent monocyte

mediated antileukemic activity.

INTRODUCTION

Human monocytes and macrophages play a central role in host
defense and are implicated in killing a variety of targets including
tumor cells (1). They are known to be activated to a tumoricidal state
in vitro and in vivo by cytokines, e.g., IFN,2 TNF, IL-2, IL-3, granu-

locyte-macrophage-CSF, macrophage-M-CSF, and bacterial products

such as muramyl dipeptide and lipopolysaccharide acting either alone
or in synergism (2-6). Little is known about the precise mechanisms

by which monocytes and macrophages recognize and destroy suscep
tible tumor cells with respect to human leukemic target cells.

IFN is known to exert pleiotropic effects on monocytes and mac
rophages (7). It directly synergizes with TNF by an induction of
synthesis of TNF receptors (8â€”10).Although the presence of TNF

receptors is not sufficient to make cells susceptible to TNF, synergistic
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cytostatic and cytotoxic effects with IFN and TNF have been reported
(10, 11). The role of TNF in monocyte mediated cytotoxicty is inter
esting since TNF receptors have been demonstrated on leukemic cell
lines and on leukemic blast cells from patients with acute myeloid
leukemia (12-15). TNF and other cytotoxic molecules released by
activated monocytes such as IL-1 can also be expressed as cell asso

ciated molecules and therefore may play a role in conjugation medi
ated cytotoxicity (16-19).

In view of developing regimens for cellular immunotherapy with
cytotoxic monocytes (20-23) for minimal residual disease in acute

myeloid leukemia, we studied the role of IFN and TNF in monocyte
mediated cytotoxicity on the level of both effector and target cells
(24, 25). Recently, we and others showed that monocytes as a cellular
component are far more potent against leukemic target cells as com
pared to the cytostatic activity of secreted monokines (25, 26). In
accordance to these observations it has been suggested that adhesion
molecules of the ÃŸ2-integrmsare involved in the cytotoxic interaction
of effector cells, e.g., natural killer cells, cytotoxic T-cells, and mac

rophages with tumor cells (27, 28). A lack of adhesion molecules on
tumor cells could be at the origin of tumor escape from immunosur-

veillance.
In the present study we present evidence that leukemic target cells

(U937, THP-1, and HL-60) in G, are highly susceptible to monocyte
mediated cytotoxicity as compared to cells in S and G2-M. These

differences in susceptibility to human monocytes may be at least in
part dependent on differences in sensitivity to TNF. Furthermore, we
report that ÃŸ2-integrins(CD 11/CD 18 complex) are differently ex

pressed on cell phase specific subpopulations and may play a role as
adhesion proteins in cell phase specific monocyte mediated cytotox
icity in leukemia.

MATERIALS AND METHODS

Monocyte Isolation, Purification, and Activation. Human mononuclcar
leukocytes were freshly isolated from approximately 60-75 ml huffy coat from

500 ml blood of healthy volunteers (after informed consent) as described in
detail previously (24, 25, 36). Briefly, monocytes were separated according to
standard procedures on Ficoll-Hypaque medium (8=1.077 g/cnv'; Pharmacia,

Uppsala, Sweden) and enriched by CCE (Beckman, Palo Alto, CA; centrifuge
J2-21M, rotor JE-6B, standard chamber). The elutriated fraction was further
depleted of contaminating T-cells by E-rosetting with neuraminidase (Calbio-

chem, La Jolla, CA) pretreated sheep RBC. Monocytes with a purity of >98%
were isolated and were >98% viable as indicated by trypan blue exclusion.

Monocytes were cultured in Teflon jars (Savillex Corporation, Minnetonka,
Minnesota) in 10 ml RPMI 1640 containing 2 ITIML-glutamine and 25 min
4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid buffer supplemented with

100 units/ml penicillin, 100 fj.g/ml streptomycin (RPMI), and 10% heat inac
tivated (60 min, 56Â°C) fetal calf serum (Gibco BioCult, Irvine Scotland)
(further referred to as complete medium) at 37Â°C,5% CO2, and 90% relative

humidity. Cells were activated to a tumoricidal state with 10- units/ml recom
binant human IFN (specific activity, 10* units/mg of protein; kindly provided

by Boehringer Ingelheim, Alkmaar, the Netherlands) for 20 h as we described
in detail previously (24).

All reagents were free of endotoxins (cytokines, cell culture reagents, and
sera) as determined by Limulus amebocyte lysate assay (sensitivity limit, 10
Pg/ml).
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Target Cells: Cell Phase Separation by Counterflow Centrifugal
Elutriation. U937 (29). THP-1 (30), and HL-60 (31) cells (American Type

Culture Collection, Rockville, MD) were maintained in continuous in vitro
culture in RPM1 with 10% fetal calf serum at 37Â°C,5% CO2, and 90% relative

humidity (75-cnr Falcon 3024 culture flasks; Becton Dickinson, Etten-Leur,

the Netherlands). Cell cultures were regularly checked to he negative for
Mycoplasma using a Gen Probe Kit (Lab Serv Benelux, Apeldoorn, the Neth

erlands). Cells grown in exponential growth were separated in different cell
phase specific suhpopulations by CCE (32, 33). The flow rate was adjusted to
If) ml/min after which cells (25 X 10'Yml) were loaded in 5 ml elutriation

buffer (0.5 ml/min) at a constant centrifuge speed of 2350 rpm (530 X g) for
U937 cells and 2450 rpm (575 x #) for THP-1 cells. The elutriation buffer and
the centrifuge were kept at 4Â°Cthroughout the isolation procedure. An amount

of 150 ml buffer was collected at 21 ml/min allowing the removal of cell
debris. Cells were collected in 150-ml fractions on ice by a 2.5-ml/min step-

wise increase of the flow rate up to 51 ml/min. Cells in GI were collected al
a How rate of 31 ml/min, whereas cells in G2-M were collected at a flow rate

of 48.5 ml/min. After separation cells of each cell phase specific subpopulation
were washed, counted by a flow cytomelric technique on an AI Cell Counter
134 (Analys Instruments), checked for viability by trypan blue exclusion
(always Â£98%), and resuspended in complete medium. Mean recovery was 88
Â±5% (SD) for U937 cells (range, 83-91%) and 82 Â±7% for THP-1 cells
(range, 73â€”91%).Cellular DNA content of each fraction was measured before

further experimental use.
HL-60 cells were incubated with IO'7 M 1.25(OH)2D, (HL-60-D.,; Leo's

Pharmaceutical Products. Ballerup. Denmark) for 3 days. As shown previously
these cells differentiate into monocytic direction and accumulate in G, of the
cell cycle with a loss of clonogenic capacity (34).

Flow Cytometrie DNA Analysis. Nuclei for flow cytometric DNA analysis
with propidium iodide ( 100 fig/ml: Sigma P 1304) were prepared according to
the method of Vindelov (35). Two X H)4 nuclei per sample were analyzed

using a FACScan Flow Cytometer (Becton Dickinson, Mountain View, CA).
Cell cycle analysis was performed using CellFit DNA analysis software
(Becton Dickinson).

Cell Diameter Analysis. Cell diameters were assessed by an ELZONE
SOXY volume counter (Particle Data, Inc. Elmhurst IL). The mean cell diam
eter was estimated from the mean channel number of the diameter distribution
according to the Coulter principle in 128 channels using a calibration constant
derived from latex microspheres of known sizes.

Monocyte Mediated Cytotoxicity in a Colorimetrie MTT Assay. The
modified colorimetrie MTT assay based on the selective ability of living cells
to reduce the yellow salt MTT to forma/an was used to quantilale cytokine or
monocyte mediated cytoloxicity as we described previously (36). Briefly, after
the culture period of target cells with or without monocytes or recombinant
human TNF, 10 jul MTT (Sigma M 2128; 5 mg/ml) was added to each well for
4 h. Formazan crystals were dissolved in 150 /xl/well dimethyl sulfoxide
(100%-; Sigma D 8779 ACS) with addition of 25 pil/well glycine buffer (0.1 M

glycine, pH 10.5; Sigma G 7126). The absorbance was recorded directly on a
microplate spectrophotometer (Titertek Multiscan MCC 340; Flow Laboratory,
Amstelstad, Zwanenburg, the Netherlands) at a wavelength of 540 nm. The
percentage of cytotoxicity was calculated relative to the absorbance of control
leukemic target cells at the end point of each assay by the expression

% of cytotoxicity =
A - B

x 100

where A is the absorbance of residual leukemic target cells cocultured with
either (activated) monocytes or TNF with or without neutralizing antiserum to
TNF or anti-CD 1I/CD 18 MoAbs, B is the absorbance of (activated) monocytes

in control wells (TNF and antisera did not show any spontaneous MTT reduc
tion), and Z = is the absorbance of leukemic cells in control wells at each end
point of the assay (I = 4â€”96h).

Susceptibility of Leukemic Cells III -(,11HI -(,11-1), or Cell Phase Se
lected U937/THP-1 Cells to Monocyte Mediated Cytotoxicity. Afterculture

and activation with IFN, monocytes were incubated with leukemie target cells
either unseparated or separated in cell phase specific subpopulations at differ
ent E:T ratios of 0.1-10 (U937) and 0.1-5 (THP-1. HL-60. HL-60-D.,) in a

total volume of 100 Â¿il/wellas we described in detail previously (36). All
experiments were performed in triplicate in 96-well round bottomed microtiter
culture plates. Monocytes were added at 0.5 X 10" (U937) and 1.0 X 10*

(THP-l/HL-60) cells/ml in complete medium. All cell concentrations of either

monocytes or target cells were incubated separately as controls. Alter an
incubation of 4-96 h at 37Â°C,5% CO2, and 90% relative humidity monocyle

mediated effects on cellular growth and survival were assayed by the modified
MTT assay as we described above. Changes in the cell cycle distribution of
each initially separated cell phase specific suhpopulation as measured by flow
cytometric DNA analysis were monitored simultaneously during the culture

period in microculture plates by collecting the target cells at each end point of
the assay.

Susceptibility of Leukemic Cells 111 .(,0 111-f.ll-1), and Cell Phase Se
lected U937/THP-1 Cells to Recombinant Human TNF. Leukemic target

cells either unseparated or separated in cell phase specific subpopulations were
incubated with TNF (specific activity, 6 X H)7 units/mg protein; kindly pro

vided by Boehringer Ingelheim, Alkmaar, The Netherlands) at a constant
number of 6,250 (U937) or 12,500 (THP-l/HL-60) cells/well in 100 /nl com
plete medium in microculture plates. TNF at a final concentration of Hl'MO4

units/ml was incubated for 4â€”96h. Percentage cytotoxicity was determined by

the MTT assay as described above.
Neutralizing Antiserum to Human TNF. In some experiments neutraliz

ing polyclonal rabbit anti-TNF serum raised against purified recomhinant
human TNF (Genzyme IP-3(K), Cambridge. MA) was added to the monocyte/
target cell cultures at final dilutions to neutralize 1-10 units/ml human TNF.

The percentage inhibition of monocyte mcdialcd cytotoxicity was calculated as

% of inhibition = I 1 - ( â€”¿�J 1 x 100

where C is the percentage of cytotoxicity with neutralizing anti-TNF-Â« serum

and D is the percentage of cytotoxicity without antiserum.
The bioactivities of TNF expressed as units/ml were all defined in a standard

L929 cell cytotoxicity assay according to information from the manufacturers.
Immunofluorescence Flow Cytometry. The MoAbs NK1-L15 (IgGl),

NKI-LI6 (lgG2a), CLB-TB133 (IgGl), and MHM24 (IgGl; Dakopatts, De
Kwakel, the Netherlands) are directed against the a chain of LFA-1 (CDI la).

NKI-ÃŸcar1 (IgG2a) and 2LPM19C (IgGl; Dakopatts) are directed against the
Â«chain of human CR3 (Mac-1; CD lib), whereas KB90 (IgGl; Dakopatts) is
directed to the a chain of human pl5();95 (CDlie) (37-39). The MoAh
CLB-54 (IgGl) and MHM23 (IgGl; Dakopatts) react with the common ÃŸ2
chain (CD 18) of this integrin group (38, 39). The MoAb Gp9()/l (NKI-P1;
IgGl) recognizing the gp')0 molecule (CD44). identical to the human lympho

cyte homing receptor, was used as a positive control (40). Control MoAb of
IgGl isotype (GO1; Dakopatts) and normal mouse serum were used as nega
tive controls. All MoAbs used were kindly provided by Dr. C. Figdor (NKI.
Amsterdam, the Netherlands) and Dr. F. Miedema (CLB, Amsterdam, the
Netherlands) except as stated otherwise. Immunofluorescence tests were car
ried out by incubating cells with MoAbs (diluted in phosphate buffered
saline/1% bovine serum albumin/0.02% azide) for 45 min at 4Â°C.Optimal

concentrations as demonstrated in titralion experiments were 1:100 for culture
supernatants and 1:500-1000 for ascites fluids. Subsequently, cells were

washed twice and incubated with fluorescein isothiocyanate conjugated rabbit
F(ab)2 anti-mouse IgG antibody (F313; Dakopatts) for 30 min at 4Â°C.Cell

surface expression was analyzed on a FACScan Flow Cytometer as measured
on a 4-decade logarithmic amplifier and expressed as percentage of positive

cells and as FI calculated as

FI =
mFl test sample - mFI negative control

mFI negative control

where mFI is mean fluorescence intensity. mFd expressed in arbitrary units was
obtained by dividing FI by surface area (41).

Blocking of Monocyte Mediated Cytoloxicity by Inhibition of Cell-Cell
Contact Mediated by ÃŸ2-Integrins. In a series of experiments monocyte
mediated cytotoxicity was measured in a 24-h MTT cytotoxicity assay in the

absence or presence of appropriate Moabs as described above recognizing
functionally relevant epitopes of the Â«and ÃŸchains of the ÃŸ^-integrinfamily.

Each MoAb was added at a final concentration of 1:50 for purified culture
supernatants and 1:250-500 for ascites fluids. Normal mouse serum, contain

ing a mixture of murine immunoglobulin of different isotypes and an IgGl
isotype matched control (GO 1) served as controls. Percentages of inhibition of
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monocyte mediated cyloloxicity in the presence of MoAhs was calculated as
related to their controls similarly to procedures described above using anti-

TNF antiserum.
Statistics. Data are expressed as mean Â±SEM. Significance (P < 0.05)

was assessed hy the two-tailed Sludcnt t test. All experiments were performed

at least 4 times, each experiment performed in triplicate except as stated

otherwise.

RESULTS

Differential Susceptibility of Leukemic Cells to IFN Activated
Monocyte Mediated Cytotoxicity. Fig. 1 shows the differential sus
ceptibility of U937, THP-1, HL-60, and 1,25(OH)2D., differentiated
HL-60 cells to IFN activated monocytes. Purified human monocytes
were activated with IO2 units/ml IFN for 24 h and incubated with

different leukemic target cells at E:T 0.1-10. These data show that

U937 cells were the most sensitive targets for monocyte mediated
cytotoxicity (E:T 5; 74.6 Â±2.6%). THP-1 cells were also sensitive
targets (E:T 5; 65.7 Â±7.1%) whereas HL-60 cells were almost com

pletely resistant (E:T 5; 16.1 Â±5.9%). After differentiation induction
of HL-60 cells with 1,25(OH)2D, into monocytic direction these cells

became sensitive up to 57.1 Â±1.2% at E:T 5.
Differential Susceptibility of Leukemic Cells to Recombinant

Human TNF. We previously demonstrated that monocytes after ac
tivation with IFN secrete TNF in quantities of 663 Â±122 pg/ml/0.5 X
10'' monocytes/ml after a 24-h culture period (50 pg = 1 unit) (25).

This amount of soluble TNF in monocyte culture supernatants showed
mainly cytostatic effects on U937 cells which could be fully reversed
by neutralizing antiserum to human TNF (25). The effect of recom
binant human TNF was predominantly cytostatic but at high concen
trations of alO4 units/ml TNF cytolytic effects could be observed

(25).
Fig. 2 shows the cytotoxic effects of IO4 units/ml TNF on different

leukemic targets after 6-96 h incubation. U937 cells were highly
sensitive to TNF, whereas THP-1 cells were intermediately sensitive.
Both HL-60 and 1,25(OH)2D., differentiated HL-60 cells were almost

completely resistant to TNF (<10% cytotoxicity, independent on in
cubation time).

Cell Cycle Specific Separation of U937 and THP-1 Cells by
Counterflow Centrifugal Elutriation. Since HL-60 cells were sen

sitive to monocyte mediated cytotoxicity only after differentiation
induction by 1,25(OH)2D,, leading to a marked increase of cells in G,

-1O

O.O4 0.1 10 20

EFFECTOR/TARGET CELL RATIO

Fig. 1. Percentageof monocyle mediated cytotoxicity (MMC) against IW37, THP-1.
HL-60, and 1,25(OH);D., differentiated HL-60 cells (HL-60-D,) hy IHN activated human
monocytes (10- units/ml IFN: 24 h). Leukemic target cells were ineubatcd for 24 h at
effeclortarget eell ratios of 0.1-1(1. Points, mean; bars, SEM: n = 6-10. -K UÂ°37:A.
Tltl'-l; Â».IIL-60-D.,; T. HL-60.
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Fig. 2. Percentageof cytotoxicity of lu4 units/ml TNF againstUM7. THP-1. HL-60,
and 1,25(OH),D, differentiated HL-60 cells (HL-60-D,) ineubatcdfor 6-96 h. Points,
mean:bars. SEM; n = 4-10. +, ITO7; A. THP-1; â€¢¿�,HL-60-D,; T. HL-60.

to 90.0% (Table 1), we were interested in the cell cycle specific effects
of cytotoxic monocytes on two sensitive leukemic targets, U937 and
THP-1 cells.

Table 1 shows the percentages of cellular DNA content of U937 and
THP-1 cell cycle specific subpopulations separated by CCE. Highly

enriched cell cycle specific subpopulations could be obtained of ap
proximately 97, 80, and 60% for U937 cells and 93, 63, and 63% for
THP-1 cells separated in G,, S, and G2-M, respectively. It should be
noted that the percentage of cells in G2-M in the "G2-M" separated

population is underestimated since a proportion of cells in late ana-

phase and telophase might be measured as two diploid nuclei.
Fig. 3A shows the percentage of U937 cells in G! phase of the cell

cycle of unseparated or G,, S, and G2-M separated U937 cells after
4â€”96h culture in microtiter plates. Shortly after plating of initially in

GÃŒseparated cells, de novo DNA synthesis starts with a decrease of
cells in G]. A rather synchronous progression through the cell cycle to
cells in G2-M and subsequently to G, (second generation) after ap

proximately 16 h could be observed. A similar pattern could be dem
onstrated for cells initially separated in G2-M, which rapidly pro
gressed synchronously to G! and subsequently to S and G2-M. A
"stabilized" heterogeneous DNA distribution similar to that observed

in unseparated U937 cells was seen after approximately 96 h. Fig. 3ÃŸ
shows a similar profile for THP-1 cells, unseparated or separated in
G,, S, and G2-M after 6-96 h of culture. It should be noted that the
population doubling time of THP-1 cells is approximately 2 times

longer as compared to U937 cells in microtiter culture (78 h versus 34
h). After 96 h of culture, THP-1 cells separated in each subpopulation

are still not equally distributed with respect to their DNA distribution.
Differences in Susceptibility of Cell Phase Specific Subpopula-

tions of U937/THP-1 Cells to IFN Activated Human Monocytes.
Fig. 4 shows the differences in susceptibility of G,, S, and G2-M

separated leukemic target cells to IFN activated monocytes at E:T 10
for U937 cells (Fig. 44) and at E:T 2 for THP-1 cells (Fig. 45). Data

are expressed as percentage change in monocyte mediated cytotoxic
ity relative to the percentage of cytotoxicity induced by monocytes on
unfractionated leukemic target cells. These data show that cells in G,
of the cell cycle are more sensitive to monocyte induced cytotoxicity
whereas cells in S and G2-M are less sensitive as compared to un
fractionated U937 or THP-1 cells or even completely resistant (see
G2-M-U937). After approximately 96 h no differences in susceptibil

ity to human monocytes between the different initially separated cell
phase specific subfractions could be observed for U937 cells. There
still exist some differences in susceptibility of initially cell phase
specific subpopulations of THP-1 cells after 96 h of incubation.
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Table 1 Characterization of leukemic cells unseparated or separated in cell cycle specific subpopulations by counter/low centrifugal elulriati

CellsU937THP-1HL-6()HL-60-D,U937THP-IU937THP-1U937THP-1CCE
Mean cell

cells0diameter'7US

12.512.810.78.9G,

11.30.10.20.20.20.112.1
0.2S

13.2 Â±0.113.3
Â±0.3G2-M

14.4 Â±0.114.2
Â±0.2Mean

cell
volume11020

Â±271082
Â±49641
Â±19369
Â±11748

Â±13946
Â±531210

Â±221227
Â±721547

Â±271492
Â±60Mean

cell
surface''490

Â±9509
Â±15359
Â±11249
Â±7398

Â±5464
Â±16536

Â±6554
Â±21647

Â±8632
Â±16G,56.9

Â±3.154.1
Â±1.558.1
Â±2.090.0
Â±1.696.8

Â±1.492.5
Â±2.016.4

Â±3.712.2
Â±2.77.4

Â±2.811.3
Â±2.3%

of cellsineS38.3

Â±3.228.7
Â±1.530.7
Â±2.54.4
Â±1.53.2

Â±1.47.5
Â£1.979.7

Â±3.262.6
Â±5.634.5

Â±5.325.5
Â±1.9G2-M4.8

Â±1.717.2
Â±1.411.2
Â±1.85.6
Â±1.4(103.9

Â±3.225.2
Â±4.257.4

Â±4.963.1
Â±3.7

Â°Cells separated in cell cycle specific subpopulations by CCE. US, unseparated cells.
h Mean cell diameter in /im (mean Â±SEM; n = 3).
* Mean cell volume (ixm1) was calculated from the mean cell diameter by the formula 4/3 7T1assuming that the cells were spherical (n = 3).
'' Mean surface area (Â¿im2)was calculated from the mean cell diameter by the formula 4-nr2 assuming that the cells were spherical (n = 3).
*"Relative DNA distribution as measured by fluorescence activated cell sorter analysis with propidium iodide (mean Â±SEM; n = 6-10).

Differences in Susceptibility of Cell Phase Specific Subpopula-
tions of U937/THP-1 Cells to Recombinant Human TNF. To in

vestigate if the observed differences in susceptibility of cell phase
specific subpopulations to monocyte induced cytotoxicity paralleled
differences in susceptibility to TNF we performed experiments with
recombinant human TNF in continuous culture with separated U937
and THP-1 cell phase fractions. Fig. 5A shows the differences in
susceptibility to TNF of G,, S, and G2-M separated U937 cells ex

pressed as a percentage of change of TNF induced cytotoxicity related
to the percentage of cytotoxicity induced by TNF on unfractioned
U937 cells in control cultures. TNF at a concentration of IO4 units/ml

was incubated for 6-96 h. The data show that cells in G, were highly
sensitive to TNF whereas U937 cells in G2-M were almost resistant.
As is shown in Fig. 3A, G2-M separated U937 cells progressed very

rapidly through the cell cycle to G, which paralleled an increase in
susceptibility to TNF. The relatively increased sensitivity of initially
G, separated U937 cells decreased after prolonged incubation. After
72 h no differences in susceptibility between the initially different cell
phase specific U937 subpopulations could be observed. A similar
profile could be observed for THP-1 cells (Fig. 5ÃŸ).It should be noted
that only after 24 h did TNF induced cytotoxicity to THP-1 cells

exceed 10% (see Fig. 2). A sensitivity threshold of 10% cytotoxicity
in unseparated control cultures was used in these experiments to
express differences in susceptibility between fractions.

Inhibition of Monocyte Mediated Cytotoxicity by Neutralizing
Antibodies to Human TNF. To investigate if ultimately TNF is
responsible for the observed cytotoxic effects of IFN activated mono-
cytes we performed experiments with anti-TNF polyclonal antiserum.

Table 2 shows the results of a representative experiment with neutral
izing antiserum to human TNF in continuous coculture with IFN-
activated monocytes and U937 cells or THP-1 cells. These data show

that 1 neutralizing unit/ml TNF (1 nanounit/ml) was able to block
10.6% of monocyte induced cytotoxicity of unseparated U937 cells
after a 6-h incubation period, whereas monocyte induced cytotoxicity

in G, selected cells could be blocked up to 59.0%. In general, 10
nanounits/ml showed a further decrease in monocyte mediated cyto
toxicity. It should be noted that U937 cells initially separated in G2-M

and additionally cocultured in the presence of 10 nanounits/ml re
mained almost fully resistant to the cytotoxic activity of IFN activated
monocytes. Cytotoxicity to THP-1 cells could be blocked after 6 h

incubation only if G, separated cells were used. After 48 h, a blocking
effect of anti-TNF antiserum could be observed in unseparated as well

as in separated samples. It was most pronounced in initially GÃŒse
lected cells.

4402

10O

16 24 32 4O 48 56 64 72 80 88 96
HOURS

1OO

12 24 36 48 6O
HOURS

72 84 96

Fig. 3. Percentage of U937 (A) and THP-l (ÃŸ)cells Â¡nG, of the cell cycle either
unseparated (A) or separated in cell phase specific subpopulations of G, ( + ). S (â€¢),and
G2-M (A) after 4-96 h culture Â¡nmicrotiter culture plates Points, mean; bars, SEM;
n = 3-6.
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Fig. 4. Differences in susceptibility to monocyte mediated cytotoxicity of GÃŒ( + ), S
(â€¢),and G2-M (A) separated U937 (A) and THP-1 (B) cells expressed as percentage

change in monocyte mediated cytotoxicity related to the percentage monocyte mediated
cytotoxicity on unfractioned U937 or THP-1 cells, respectively. Leukemic target cells
were incubated with IFN activated monocytes (IO2 units/ml IFN; 24 h) for 4-96 h at an
E:T ratio of 10 (U937; Â«= 4) or at E:T 2 (THP-1; n = 3-6). Percentage cytotoxicity on

unfractioned cells was 43.3 Â±5.6 and 40.9 Â±13.5% (6 h) which increases to a maximum
of 74.3 Â±7.3 and 67.8 Â±9.4% at a48 h for U937 and THP-1 cells, respectively. PomÂ«,
mean; /wrs, SEM.

Inhibition of Monocyte Mediated Cytotoxicity by Anti-CDU/

CD18. Table 3 shows the results of experiments assessing the effects
of anti-CDU and/or anti-CD 18 MoAbs on IFN activated monocyte
mediated cytotoxicity on U937, THP-1, and 1,25(OH)2D3 differenti
ated HL-60 cells. Experiments were performed after a 24-h incubation
period at E:T 1 and 10 for U937 cells and at E:T 1 for THP-1 and

1,25(OH)2D3 cells. Monocyte mediated cytotoxicity was markedly
inhibited in the presence of anti-CD 11/CD 18 MoAbs recognizing the
different a chains and the ÃŸchain of the ÃŸ2-integrinfamily. Inhibition

of monocyte mediated cytotoxicity was never complete (except in
HL-60-D, by anti-CDllb) and varied considerably between different

monocyte donors. In general, inhibition was more pronounced by
using combinations of MoAbs against both the a and ÃŸ2chains of the
CD11/CD18 complex. The blocking activity of single MoAbs was
generally decreased at higher E:T ratios (U937 cells) whereas com
binations of anti-CDll/CD18 MoAbs showed clear synergistic inhi

bition of monocyte mediated cytotoxicity at E:T 10 (U937) and E:T 1
(THP-1). No blocking experiments on undifferentiated HL-60 cells

Table 2 Percentage' of inhibition of IFN activated monocyte mediated cytotoxicity by

antiserum to human TNF relative to control cultures without neutralizing antiserum
Inhibition in U937 cells, mean percentage at E:T5 and 10; forTHP-1, mean percentage

at E:T 1 and 2 in a representative experiment; percentage of monocyte mediated cyto
toxicity without neutralizing antiserum, 40.9% after 6 h up to a maximum of 71.2% after
92 h for U937 cells; 37.6 Â±2.5% for THP-1 independent on incubation time in these

experiments.

Cells
CCE
cells"

% of inhibition

Nanounits/ml* 6 h 20 h 48 h 92 h

U937
U937
THP-1

U937
U937
THP-I

U937
U937
THP-1

US

G2-M

1
10
10

1
HI
1(1

1
III
10

10.6
NEC

0

59.Ãœ
NEr

20.9

30.0 30.0 19.2
21.9 46.9 58.2

Â» 25.9 53.3

59.8
52.5
34.6

41.9
100.0

(I

39.7
74.6
41.5

56.1
88.6
21.5

44.6
71.2
74.5

41.5
91.6
45.8

" Cells separated in cell phase specific subpopulations by CCE.
'' Nanounits/ml; neutralizing units/ml in polyclonal rabbit antiserum to human TNF.
r NE, not Ã©valuable.
'' â€”¿�,no cytotoxicity in control cultures.

1OO

-5O -

-1OO

12 24 36 48 6O

HOURS

72 84 96

LU
o

i
Ãœ

12 24 36 72 84 9648 60

HOURS
Fig. 5. Differences in susceptibility of H)4 unils/ml TNF-a induced cytotoxicily of G,

(+), S (Â«),and G,-M (A) separated U937 (A) and THP-1 (B) cells expressed as percent
age of change in cytotoxicity related to the percentage of TNF induced cytotoxicity tin
unfractioned U937 or THP-1 cells, respectively. Leukemic target cells were incubated for
4-96 h. Points, mean; bars, SEM; n = 4). See Fig. 2 for the percentage of TNF-induced
cytotoxicity on unseparated U937 and THP-1 cells.
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Table 3 Percentage of inhibition of IFN activated monocyle mediated cytotoxicity by
anii-CDIl/CDIS MoAbs

In control experiments IFN activated monocyte mediated cytotoxicity was 51.0 Â±2.1
(U937; E:T 1), 70.3 Â±2.6 (U937; E:T 10), 52.6% (THP-1; E:T 1) and 39.3 (HL-60-D.,;

E:T 1).

U937

CD"CDllaCDllbCDllcCD18CDlla/CDIS''CD

lib/CD18CD11C/CD18CDlla/b/c/CD18IgGl

isotype controlE:'42.529.461.620.352.746.845.858.412.0r

i5.7"5.49.16.06.411.110.06.35.3E:T1040.8

Â±6.76.7
Â±3.129.1
Â±I4.5d11.1

Â±5.670.8
Â±5.190.3
Â±9.T152.0

Â±8.993.0
Â±5.310.5
Â±4.6THP-1(E:T

1)26.4C19.3CND15.9C76.

1 Â±7.052.3
Â±3.786.6rND19.5

Â±6.3HL-60-D,(E:T

1)40.0

2.0100.0
0.0ND-13.8

5.2-8.5
5.633.7
4.5ND72.1

Â±28.22.5
Â±13.8

" CD. anti-CDll/CD18 MoAbs [anti-CDlla (MHM24/L15), anti-CDllb (2LPM19C/

ÃŸearl),anti-CDl le (KB90). and anti-CD18 (CLB54)]; E:T, effectontarget cell ratio: ND,

not done.
h U937, mean Â±SEM, n = 4 (d n = 2); THP-1, mean Â±SEM, n = 3; and HL-60-D:,,

mean Â±SEM, n = 2 (c n = 1).
' Source of MoAbs used in combinations (anti-CDl 1/CD18 MoAbs) is similar to that

used as single MoAb.

were performed since these cells were almost completely resistant to
monocyte mediated cytotoxicity (see Fig. 1). Finally, it should be
noted that although CD1 le is not expressed on U937 cells (see Table
4), anti-CD lie MoAbs can inhibit monocyte mediated cytotoxicity

after binding to the effector cells.
Expression of ÃŸ2-Integrinson Leukemic Target Cells and Cell

Phase Specific Subpopulations. Differences in the expression of
adhesion proteins of the ÃŸ2-integrinfamily on leukemic target cells
and cell phase separated subpopulations of U937/THP-1 cells were

assessed by fluorescence activated cell sorter immunofluorescence
analysis. Since multiple antigenic epitopes have been identified on the
LFA complex different MoAbs were used in our experiments. Table 4
shows the expression of the a chains and the ÃŸchain of the ÃŸ2-integrin

family determined as percentage of positive cells and as FI. Although
no differences in the percentage of cells positive for a given MoAb
could be determined, the Fl was markedly increased on G, separated
cells, whereas the FI on G2-M separated cells was decreased (data not

shown). As can be seen from Table 1, the mean cell volume of
U937ATHP-1 cells separated in G2-M is increased up to approximately
2-fold, whereas the mean surface area of G2-M cells showed a 1.6
(U937) and 1.4 (THP-1) times increase as compared to cells in G ^ As

shown in Table 4, a clear increase in mFd (FI divided by surface area)
on G, cells of 14.2-46.2% (U937) and 17.2-57.5% (THP-1) could be

demonstrated depending on the MoAb used. A marked decrease in
mFd of 31.4-51.5% on cells in G2-M (U937) could be shown. Al

though less pronounced a decrease in mFd on G2-M separated THP-1

cells could be shown with a maximum of 32.8%. 1,25(OH)2D3 dif
ferentiated HL-60 cells showed a 3-5 times increase in mFd as com
pared to undifferentiated HL-60 cells for CDlla and CD 18, whereas

a strong increase in the percentage of cells positive for CDllb and
CDllc could be measured (4-87% and 5-74%, respectively).

To investigate if the differences in expression of adhesion proteins
of the ÃŸ2-integrinson cell phase specific subpopulations were func
tionally relevant we did blocking experiments with anti-CD 11/CD18

MoAbs on U937 cells similar to experiments described above. Table
5 shows the differences in susceptibility in the blocking effects of
anti-CDl 1/CD18 MoAbs on G, and G2-M separated U937 cells at E:T

1. This E:T ratio of 1 was chosen since at lower E:T ratios we did not
observe a complete resistance to monocyte mediated cytotoxicity of
cells in G2-M as compared to an E:T ratio of 10 (baseline cytotoxicity

of 33.7 Â±4.8% after 6 h in these experiments). Data are expressed
relative to the percentage inhibition of monocyte mediated cytotox
icity by anti-CDl 1/CD18 MoAbs on cells in G, (6 h) and on cells
initially selected in G2-M ("G2-M") after 20 h. The inhibitory effects

of anti-CDll/CD18 on G2-M separated cells were only marginal

(4.7%) relative to cells in G: after 6 h of incubation. After 20 h the
inhibitory effects on initially G, selected cells ("G,"; percentage of

cells in G, decreased from 95% to 34.1%) was approximately one-
third relative to cells initially selected in G2-M ("G2-M"; percentage

of cells in G i increased from 6% to 74%).

DISCUSSION

Our data demonstrate that leukemic cells in G! of the cell cycle are
highly susceptible to monocyte mediated cytotoxicity, whereas cells in
S or in G2-M are less susceptible or even fully resistant. U937 and
THP-1 cells separated in G,, S, or G2-M showed a rather synchronous

progression through the cell cycle which diminished with time. After
prolonged culture an increase in leukemic cell heterogeneity occurred
with respect to cell phase distribution. As a consequence differences in
sensitivity to monocyte mediated cytotoxicity relative to unseparated
leukemic target cells diminished. HL-60 cells resistant to cytotoxic

monocytes became sensitive to monocyte mediated cytotoxicity upon
differentiation induction into monocytic direction by 1,25(OH)2D3,
which paralleled an accumulation of cells in Gt.

To the best of our knowledge no data are available dealing with a
cell phase specific mechanism of monocyte mediated cytotoxicity
against leukemic target cells. Our experiments were performed with
highly purified cell phase specific U937 and THP-1 cell populations

separated by CCE. This provides a rapid method for synchronization

Table 4 Flow cytometric parameters of ÃŸ?-inlegrinexpression of cell cycle specific subpopulations of leukemic cell lines

CDCDllaCDllbCDllcCD18CD44MoAbNKI-L15

NKI-L16

TB133
MHM242IPM19C

ÃŸearlKB90MHM23

CLB-54gp90/lUS",

FI(%)12.3

(99)
12.9 (98)
17.1 (99)
7.9(85)1.2

(27)
2.79(90)(U

(1)7.2

(86)
5.4(92)103.1

(99)U937G,,

AmFd+46.2

+ 26.7
+38.7
+27.3+

14.2
+14.8NE+

17.8
+28.0+

8.0Gn-M,AmFd-41.5

-51.5
-51.0
-31.4-31.5

-42.6NE-32.5

-39.9-47.5US,

FI(%)13.0

(99)
20.0 (94)
13.7(100)
12.5(90)2.6

(66)
4.7(97)1.6

(60)10.4

(98)
11.8(99)â€”THP-1G,,

AmFd+

23.5
+ 17.2
+57.5
+49.1+22.9

+50.3+

18.9+54.1

+ 22.4â€”HL-60Gi-M.AmFd0-18.8+

2.1+3.7-8.8

-7.6-24.7-7.7

-32.8â€”US.

FI(%)11.7(99)0.6

(4)0.4

(5)10.1

(99)â€”US,mFd32.61.61.028â€”HL-60-DjUS.FI

OÃ)30.89

(99)49.4

(87)4.8

(74)39.8

(99)â€”US,mFd123.8198.319.3159.7â€”

a US, unseparated leukemic cells; AmFd, percentage change in mFd related to mFd on unseparated control cells. mFd, mean fluorescence density (FI/mcan surface area) in arbitrary
units (X10~3); NE, no expression.

b â€”¿�,not done.

4404

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/18/4399/2451693/cr0530184399.pdf by guest on 19 M

ay 2023



TNF AND ÃŸ;-INTEGRINS IN MONOCYTE MEDIATED CYTOTOXICITY

Table 5 Differential effects of anti-CDUICD18 MoAbs on the inhibition of cell phase
specific monocvte mt'iliaiftl cvtotoxicity of U937 cells at E:T 1

Combined data of two independent experiments after 6 and 20 h incubation with
MoAbs against CDlla or CDlIb and CD18 (mean Â±SEM; n = 3-6). Data expressed

relative to the percentage of inhibition of monocyte mediated cytotoxicity in the presence
of anti-CD 1I/CD 18 MoAbs on cells in G! after ft h and to cells initially selected in Gi-M
("G2-M") after 20 h. Percentage of monocyte mediated cytotoxicity in control GI selected

cells was 49.5 Â±2.9% after 6 h and 68.8 Â±5.3% after 20 h in these experiments. Blocking
effects of combined use of anti-CDll/CD18: 22.2 Â±3.8% (range, 10.0-42.4%) for
"Gi-M" cells and a significantly lower (P < 0.005) inhibitory effect of 6.0 Â±2.4% (range.
0.1-16.3%) for "G," cells (20 h).

Single MoAb''
Combined MoAbs'G,100 1006hC2-M15.2

Â±9.2
4.7 Â±4.620

hâ€¢â€¢G,""27.5

Â±4.6
30.4 Â±12.2"G-M"100100

" "GÃ¬"and "G^-M" represent cells at 20 h initially separated in either G] and

respectively.
''Single MoAb; combined data of either anti-CDlla (MHM24/L15), anti-CDllb

(2LPM19C/ÃŸearl), or anti-CD18 (CLB54).
r Combinations of MoAbs of cither anti-CD 11a/CD 18 or anti-CD lib/CD 18; source

similar as used as single MoAb.

of tumor cells without the chemical perturbation of cellular functions
if hydroxyurea, 1-ÃŸ-n-arabinofuranosylcytosine, or vinblastine is used

and without nutritional deprivation culture methods generally used in
stathmokinetic experiments.

As shown previously TNF secreted by IFN activated monocytes is
involved in monocyte mediated cytotoxicity (25). As shown in this
paper TNF may play a central role in cell phase dependent cytotox
icity of leukemic cells. In general, U937 and THP-1 cells in G, of the

cell cycle are more susceptible to the blocking effects of neutralizing
antiserum to human TNF in monocyte mediated cytotoxicity. Con
tinuous exposure to 10 nanounits/ml antiserum to human TNF on
initially G2-M selected U937 cells showed a fully resistance of U937

cells to monocyte mediated cytotoxicity, suggesting a major role for
TNF. The cell phase specific susceptibility to TNF dependent mono
cyte mediated cytotoxicity of U937 and THP-1 cells showed a rather

similar pattern. The less pronounced differences in cell cycle specific
cytotoxic effects on THP-1 cells as compared to U937 cells may be
due to the lower sensitivity of THP-1 cells to TNF and cytotoxic

monocytes and/or to differences in population doubling times. It
should be noted that cytotoxic effects of monocytes and TNF may take
several hours and hence do not exactly parallel the changes in relative
DNA distribution in time matched control cells. Therefore, we em
phasize that the cell cycle specific effects could be best observed at
rather short incubation times with a rather homogeneous population.
Furthermore, since leukemic target cells were continuously cultured
with either monocytes or TNF we cannot exclude that changes in the
relative DNA distribution may have been induced by either monocytes
or TNF. This may have implications if results are related to parallel
DNA profiles of control cells without monocytes or cytokines. It was
shown previously by stathmokinetic experiments that L-cells undergo

lysis in the presence of TNF specifically at late stages of mitosis
(telophase) or soon after cytokinesis (42). Among dead cells a dis-

proportionally high percentage of cells contained a G, DNA content in
comparison to viable cells (42). In our experimental setting using
highly enriched cell phase specific subpopulatations of leukemic cells
a a preferential cytotoxic effect of TNF in G! could be observed. In
addition, as shown previously, TNF provided an accumulation of cells
in G2 with a slight inhibition of G, progression to S (42). From these
data it may be concluded that TNF can prevent tumor cell lysis after
prolonged incubation times by accumulation of cells in G2. Therefore,
it is noteworthy that after prolonged incubation times of monocyte/
macrophage-tumor cell cultures, tumor cells may accumulate in G2

(cytostasis), whereas no cytolytic effects could be shown (43). It
should be stressed that there may exist an essential difference in the
susceptibility of cells undergoing either cytolysis (cell death) or cy

tostasis (inhibition of cell proliferation) or the mechanisms that un-

derly these processes.
As we showed recently, monocytes and TNF induce their effects on

U937 cells by apoptosis or programmed cell death (44). This is of
particular interest since it was shown recently that cells in G, may be
more sensitive to apoptosis as compared to cells in S or G2-M paral
leling a decrease in the expression of bcl-2 (45). A high expression of
bcl-2 correlated positively with resistance of cells to apoptosis (45).

Furthermore, differences in susceptibility to apoptosis may be regu
lated in a differentiation linked manner with an increased susceptibil
ity of more differentiated hematopoietic cells (45). Whether the dif
ferential susceptibility of leukemic cells to monocyte mediated
cytotoxicity in different phases of the cell cycle or after the induction
of differentiation is related to the expression of bcl-2 is presently

under investigation.
Recently it was shown that human monocytes are involved in

density dependent tumor cell death in nonleukemic tumor cell lines
(46, 47). Tumor cells arrested in G, by monocyte derived supernatants
were not susceptible to monocyte mediated lysis. An increase in
susceptibility to monocyte mediated cytotoxicity was observed if tu
mor cells were in transit from G, into S phase. This concept is of
marked interest since we showed previously that U937 cells pretreated
with TNF were fully resistant to monocyte mediated lysis by nonac-

tivated monocytes which paralleled a loss in proliferative potential
(24, 25). Only after IFN activation of effector cells could cytotoxicity
be observed. In addition, TNF-resistant HL-60 cells which were in

duced to differentiate into monocytic direction by 1,25(OH)2D3 re
mained TNF resistant with a marked decrease in their clonogenic and
proliferative capacity. After coculture of HL-60-D, cells with GM-
CSF these cells became sensitive to TNF.1 These data suggest that

CSFs secreted by (activated) monocytes may be of particular interest
in triggering monocyte mediated cytotoxicity possibly due to an in
duction of G,-S transition of tumor cells. This may explain that cells
initially selected in G,, S, or G2-M showed a rather similar increase in

monocyte mediated cytotoxicity after 24 h as compared to unseparated
controls. After synchronous progression through the cell cycle to cells
in Gi, a subsequent transit to S parallels an increased susceptibility to
monocyte mediated cytotoxicity (see Fig. 3). From this view there
may exist a balance between growth promoting, growth inhibiting,
and cytolytic activity of monokines secreted by human monocytes, not
exclusively mediated by TNF. The end result of these potentially
paradoxical activities will depend on differences of target cell origin
and may vary through involvement of different activation pathways of
cytotoxic monocytes.

Our data showed additional evidence that the expression of the a
and ÃŸchains of the ÃŸ2-integrinfamily on either monocytes or tumor

cells is involved in monocyte mediated cytotoxicity to leukemic tar
gets. It was shown that the anti-CD 11/CD 18 MoAbs as used in our
experiments did not affect the release of TNF, IL-1, or Superoxide

production by either monocytes or U937 cells (39). From these data
we might presume that the MoAbs do inhibit monocyte mediated
cytotoxicity by an adherence related mechanism. The lysis of U937
target cells could not be blocked completely by anti-CD 1I/CD 18

MoAbs. This may be due to the extreme sensitivity of U937 cells to
TNF which is more pronounced at increasing E:T ratios. Combina
tions of anti-CD 11/CD 18 MoAbs showed a synergistic inhibition of
monocyte mediated cytotoxicity. The presence of other adhesion stuc-
tures not related to the ÃŸ2-integrinfamily and the presence of Fc

receptors on both monocytes and leukemic target cells may contribute
to the facilitation of cytotoxic activity of human monocytes by anti-

3 Unpublished observations.
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gcn-FcR bridge formation, partially masking the blocking effects of
anti-CDll/CD18 MoAbs.

As far as we know this is the first report demonstrating differences
in mFd of the a and ÃŸchains of the ÃŸ2-integrinfamily on different cell

phase subpopulations. G, separated leukemic cells showed an increase
in mFd of different epitopes of the CD11/CD18 complex, whereas
G2-M cells showed a decrease as compared to unfractionated leuke

mic cells. By blocking experiments we confirmed that cells in G, of
the cell cycle were the most sensitive population to inhibition of
monocytc mediated cytotoxicity by anti-CD 11a/CD 18 MoAbs. In ad
dition, HL-60 cells induced to differentiate into monocytic direction

showed a dramatic increase in mFd (CD 11a/CD 18) and in the per
centage of cells positive for CDllb and CDllc paralleling an increase
in susceptibility to monocyte mediated cytotoxicity. These data pro
vide evidence that the expression of intercellular adhesion molecules
may contribute to cell phase specific differences in monocyte medi
ated cytotoxicity and to the increased susceptibility of differentiated
HL-60 cells. The differential expression of LFA-1 on K562 cells,

which was shown to disappear rapidly when cells were allowed to
divide as compared to cells in plateau phase of cellular growth, may
further support our observations (48).

In conclusion, the results reported here demonstrate that monocyte
mediated cytotoxicity is dependent on the cell cycle status of leukemic
target cells, preferentially affecting cells in G,. This coincides with an
enhanced susceptibility of cells in G ! to TNF and with a relatively
high and functionally relevant expression of adhesion proteins in
volved in monocyte-tumor cell binding. The mechanisms of a differ

ential susceptibility of various cell lines to monocyte mediated cyto
toxicity are largely unknown and are presently under study.
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