








From www.bloodjournal.org by guest on November 18, 2018. For personal use only.



From www.bloodjournal.org by guest on November 18, 2018. For personal use only.

1128

KANNOURAKIS ET AL

Table 3. Effect of 9.1C3 Monoclonal Antibody on Colony Formation by 8-Thalassemic Peripheral Blood MNCs

Mean Number of Colonies per 10° Celis

9.1C3 Pure Mixed
Patient Addition Stimulus Erythroid Erythroid Nonerythroid
1 No — (V] (o] 75+ 5
Epo 42 + 3 o} 55+ 4
Epo + HPCM 45 + 2 2+1 80 +7
Yes — (/] (4] 136+ 9
Epo 78 + 8 5+ 1 100 + 7
Epo + HPCM 90 + 2 10+ 2 107 + 5
2 No — (o] (V] 1+1
Epo 8 +1 0 3+1
Epo + HPCM 101 1+0 10+2
Yes —_ 0 (0] 4+1
Epo 132 1+1 61
Epo + HPCM 23 +3 3+x0 15+ 4
3 No — (o} (o] 8+2
Epo 9=+1 0 7+1
Epo + HPCM 10 + 1 (o] 27 + 2
Yes — (o] (/] 17 +2
Epo 16 + 2 o 16 + 2
Epo + HPCM 22+ 4 2+1 54 + 4
4 No — (o] 6+2
Epo +1 (] 11+3
Epo + HPCM 16 + 1+1 43 + 4
Yes — 0 (o] 28+ 3
Epo 29 + 1 0] 27 + 2
Epo + HPCM 29 + 3+0 70+ 4
5 No — (/] (o} 12+ 2
Epo 18+4 0 10+3
Epo + HPCM 30 £ 1 3+1 21+3
Yes — (o] o 47 + 5
Epo 41+ 3 0] 49 + 2
Epo + HPCM 51 +2 8+ 1 51+ 6

Triplicate 1-mL cultures contained 2 X 10® MNCs. Where indicated, colony formation was maximally stimulated by 1.6 units of Epo and 0.1 mL
HPCM. Mean colony numbers (+ SD) were determined after 14 days’ incubation.

The action of 9.1C3 is not mediated via nonspecific Fc re-
ceptor binding. To rule out the possibility that nonspecific
Fc receptor-mediated binding could explain the enhance-
ment of in vitro hematopoiesis by the 9.1C3 antibody, a
number of experiments were performed. In two separate
experiments there was enhancement of in vitro hematopoie-
sis upon the addition of 9.1C3 antibody (Table 4). Treatment
with a control antibody (FMC 17) of the same isotype as the
9.1C3 antibody (IgG2B «) did not result in any enhancement
of in vitro hematopoiesis (Table 1). In two separate experi-
ments, the number of in vitro colonies observed for FMC
17-treated and untreated MNCs was similar. Furthermore,
the enhancement of in vitro colony formation by the 9.1C3
antibody was not altered by the prior incubation of MNCs
with the control FMC 17 antibody. These data suggested
that the 9.1C3 antibody enhancement of in vitro hematopoie-
sis was not mediated by nonspecific Fc receptor-mediated
binding.

Table 4. The Effect of Control (FMC 17) and 9.1C3 Monoclonal
Antibodies on Colony Formation by Normal Bone Marrow MNCs

Mean Number of Colonies

Pretreatment  Addition per 10° Colts

Experiment With FMC 17 of 9.1C3 Erythroid Nonerythroid
1 - - 75+ 3 120 + 11

+ - 82+6 113 +7
- + 148 + 12 189 + 14

+ + 157 + 8 201+ 9
2 - - 121 + 15 224 + 29
+ — 110 + 12 206 + 16
- + 204 + 21 360 + 32
+ + 226 + 18 390 + 26

Triplicate 1-mL cultures containing 3 x 10* bone marrow MNCs were
incubated for 14 days. Colony formation was maximally stimulated by the
addition of 0.1 mL HPCM and 1.6 units Epo. The results are means + SD
for triplicate cultures.
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The 9.1C3 antibody does not bind determinants on colo-
ny-forming cells. To determine whether the 9.1C3 anti-
body bound to any colony-forming cells (CFCs), MNCs were
labeled with the 9.1C3 antibody and sorted on the FACS.
The result of two such experiments for §-thalassemia periph-
eral blood samples are shown in Table S. For both experi-
ments, the majority (98% and 94%) of all CFCs and all the
erythroid and mixed CFCs were located in the negative
fraction. Because the sorting windows were contiguous, the
small percentage of nonerythroid CFCs (2% and 6%, respec-
tively) found in the positive fractions could be explained by
contamination from the negative 9.1C3 population. Similar
results were obtained when normal bone marrow (one experi-
ment or cord blood MNCs two experiments) were labeled
with the 9.1C3 antibody and sorted on the FACS (data not
shown).

Media conditioned by the 9.1C3 antibody enhances in
vitro hematopoiesis. In a series of time course experiments,
it was evident that the addition of 9.1C3 antibody could be
delayed for up to six hours after the cells had been immobil-
ized in agar and enhancement of colony formation was still
observed (data not shown). This suggested that the action of
9.1C3 was via a soluble factor(s) rather than direct cell-cell
contact. To test this possibility, 9.1C3 CM that was treated
to remove the remaining 9.1C3 antibody, as per Materials
and Methods, was titrated on normal nonadherent bone
marrow MNCs. Figure 3 shows the colony data of one of two
similar titrations with 9.1C3 CM on normal nonadherent
bone marrow cells already maximally stimulated by HPCM
and Epo. Erythroid and nonerythroid colony formation was
enhanced significantly, twofold and 1.5-fold, respectively
(P < .01), upon the addition of 9.1C3 CM.

There was high-dose inhibition of CFCs with titers of
9.1C3 CM greater than 1:8. The control CM did not enhance
in vitro hematopoiesis greater than that already observed for
cultures maximally stimulated by HPCM and Epo.

In cultures without exogenous CSF, nonerythroid colonies
were enhanced from 2 + 1to 7 + 2 (9.1C3 CM, 1:8), thus
indicating the presence of some colony-stimulating activity

Table 5. Frequency of CFCs in 3-Thalassemia Peripheral Blood
Populations Fractionated by Using
the Monoclonal Antibody 9.1C3

Colonies per 10° Cells (Mean + SD)
Percentage Pure Mixed

Experiment of AllCells  Erythroid Erythroid Nonerythroid
1 Unsorted 100 30+5 2+1 52 +3
Negative 42 67+4 4+2 127 + 13
Positive 58 0 o} 4 +2
2 Unsorted 100 15+ 2 11 37+6
Negative 31 46 +5 2=+1 62+9
Positive 69 (0] (o] 7+5

B-Thalassemia peripheral blood MNCs were fractionated by using the
monoclonal antibody 9.1C3 and FACS. A quantity of 2 x 10° cells/mL
were cultured for the unfractionated cells and between 2 and 8 x 10*
cells/mL for the fractionated cells. Triplicate cultures were maximally
stimulated by 0.1 mL HPCM and 1.6 units of Epo. The sorting windows
for each population were contiguous. Mean colony numbers (+ SD) were
determined after 14 days’ incubation.
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Fig 3. Titration of 9.1C3 CM on normal nonadherent bone
marrow cells. Triplicate 1-mL cultures containing 30,000 nonad-
herent bone marrow cells were incubated with varying concentra-
tions of 9.1C3 CM. Erythroid (O), nonerythroid (®). and mixed
erythroid (0J), colonies were scored after 13 days’ incubation.

in the 9.1C3 CM (data not shown). However, the increase in
nonerythroid colonies from 79 + 3 (control) to 117 + 4
(9.1C3 CM, 1:8) for cultures already maximally stimulated
by HPCM could not be attributed directly to this colony-
stimulating activity.

Mixed erythroid colonies were also enhanced two- to
threefold by 9.1C3 CM with titers from 1:8 and were
inhibited with higher tiers of the 9.1C3 CM.

Adherent Leu-M3 and Leu-7 cells are required for the
9.1C3 enhancement of in vitro hematopoiesis. To deter-
mine the cells involved in this process, a series of cell
depletion experiments was performed. Figure 4 shows the
result of one such experiment in which adherent cells were
removed from S-thalassemic peripheral blood MNCs by
plastic flask adherence. In cultures with no added stimulus,

Mononuclear cells Non-Adherent Mononuclear cells
Control +9103 Control +91C3

£}
=1
c 180
& vl
g T
fruar
S 10}
=] o
L sk

60 -

w -

0k I I

Fig 4. The effect of the addition of 9.1C3 antibody on colony
formation in cultures by S-thalassemic peripheral blood MNCs
depleted of adherent cells. Following adherent cell removal, 48%
of the starting mononuclear cells were recovered. A quantity of
2 x 10° celis were plated in triplicate 1-mL cultures without the
addition of HPCM or Epo. M lony bers (+SD) were
determined after 14 days’ incubation.
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the addition of 9.1C3 antibody to MNCs led to a greater
than fourfold increase in the number of nonerythroid colo-
nies (Fig 4). However, when MNCs were depleted of adher-
ent cells and cultured with no exogenous CSF, no colonies
were observed, thus indicating adequate removal of the cells
producing endogenous colony-stimulating activity. When
9.1C3 antibody was added to these adherent-depleted cells,
enhancement of colony formation was not observed, which
argues that the 9.1C3 antibody did not have a direct stimula-
tory action on progenitor cells. In addition, when adherent
cells were removed, no 9.1C3-mediated enhancement was
observed in cultures maximally stimulated by Epo and
HPCM, although in cultures of unfractionated cells this
enhancement was still evident (1.7-fold for erythroid, 2.0-
fold for nonerythroid, and 2.8-fold for mixed-erythroid colo-
nies). In fact, the addition of 9.1C3 antibody led to apparent
inhibiton of in vitro colony formation (Fig 5). These results
were similar in four separate experiments.

To further determine which cell type(s) were required for
the enhancement, fractionation of mononuclear cells was
performed on the FACS by using OKT3, Leu-M3, and
Leu-7 monoclonal antibodies. Table 6 shows data from three
separate cell-sorting experiments using (-thalassemic
peripheral blood MNCs that were sorted into OKT3 + and
OKT3 -, Leu-M3+ and Leu-M3—, and Leu-7+ and Leu-
7— populations. For all of the experiments the addition of
9.1C3 monoclonal antibody to unfractionated MNCs
resulted in the enhancement of erythroid and nonerythroid
colony formation. The OKT3 + cells did not give rise to any
colonies despite the addition of 9.1C3 antibody. In all
experiments, CFCs were present only in the negative frac-
tions. From three separate experiments, the addition of the
9.1C3 antibody to OKT3 — cells resulted in a mean enhance-

Mononuclear cells Non-Adherent Mononuclear cells
& [Contral 913 | Control 9103
S A0 “q2
izzo - H I 422
200} {0 §
180 |- 4183
8 wo} I I 46 &
wol “q1 g
>~ 120} <412 3
- n h
o 5
68
Ly
2 F

Erythroid
Non-Erythroid

Mixed Erythroid

Erytheoid [H

Erytheoid ————1
Non-Erythroid ——H
) 1 1 'l

Erythroid and Non-E
3585288
1 1§ T L T
Erythroid [————H
Non-Erythrod M
Mixed Erythrod [ 3}—
Mixed Erythroid

Mixed Erythroid -

Non-Erythroid

Fig 6. Effect of the addition of 9.1C3 antibody on day 14

lony for by [-thal peripheral blood MNCs
depleted of adherent cells. Following adherent cell removal 66% of
the starting MNCs were recovered. A quantity of 2 x 10° cells
were plated in triplicate 1-mL cultures imally stimulated by the
addition of Epo and HPCM. Data represent means and SD.
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Table 6. Effect of Removal of OKT3+, Leu-M3+, and Leu-7+
Cells on 9.1C3 Enhancement of In Vitro Colony Formation

Number of Colonies
per 10° Cells
Experiment Cells 9.1C3 Pure Erythroid Nonerythroid
1 Unsorted - 20+ 3 110 + 25
Unsorted + 35+5 160 + 17
OKT3+ - (o] (o]
OKT3 + + (o} (o]
OKT3-— - 14 + 2 164 + 15
OKT3-— + 48 + 5 280 + 40
OKT3— + OKT3+ - 24 + 5 98 + 20
OKT3- + OKT3+ + 42 + 4 172 + 12
2 Unsorted - 11+3 21+ 1
Unsorted + 27 +3 33+4
Leu-M3 + - 0 (o]
Leu-M3 + + (o] (o]
Leu-M3 — - 40 + 8 99 + 16
Leu-M3 — + 24 +3 120 + 18
Leu-M3— + Leu-M3+ — 8+2 18+ 2
Leu-M3— + Leu-M3+  + 30+4 40 + 6
3 Unsorted - 32+2 100 + 8
Unsorted + 59 + 4 180 + 12
Leu-7 + - (/] (0]
Leu-7+ + (o] (o]
Leu-7 — - 24 + 2 180 + 14
Leu-7 — + 22+3 145 + 9
Leu-7— + Leu-7+ - 26 + 4 92 + 11
Leu-7— + Leu-7 + + 65 + 6 202 + 16

B-Thalassemic peripheral MNCs were fractionated on the FACS by
using OKT3, Leu-M3, and Leu-7 monoclonal antibodies. Between 1 and
2 x 10® unsorted cells and 1 and 8 x 10* sorted cells were cultured in
triplicate 1-mL cultures maximally stimulated by the addition of 1.6 units
Epo and 0.1 mL HPCM and, where indicated, by 0.1 mL of 9.1C3
supernatant. Mean colony numbers (+ SD) were determined after 14
days’ incubation. The sorting windows were contiguous, with the
negative antibody fraction amounting to 76% for experiment 1, 87% for
experiment 2, and 94% for experiment 3 of the total nucleated cells
populations.

ment of 2.1 + 0.3-fold for erythroid and 1.5 + 0.4-fold for
nonerythroid colonies, which was similar to the enhancement
observed for the unsorted cells. However, for Leu-7— cells
there was no enhancement of hematopoiesis upon the addi-
tion of the 9.1C3 antibody for three separate experiments.
Similarly, the addition of the 9.1C3 antibody to Leu-M3—
cells did not result in enhancement of hematopoiesis.

These data were interpreted as indicating that at least two
cell types were required for the 9.1C3-mediated enhance-
ment, namely, monocytes (adherent+ [Ad+] Leu-M3+,
OKT3-) and NK cells (Ad—, Leu-7+, OKT3—, Leu-
M3-).

DISCUSSION

The present study demonstrates that NK cells and mono-
cytes interact with each other to modulate hematopoiesis in
vitro in a predominantly inhibitory way. The concept that
monocytes and NK cells interact with each other to modulate
hematopoiesis was first proposed by Pistoia et al.'> A number
of recent studies have suggested a role for NK cells in
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modulating in vitro hematopoietic colony formation, but
these studies have involved either complement-mediated
cytotoxicity or the addition of FACS-sorted monocytes and/
or NK cells to unfractionated cell populations.

Investigators have studied the effects of the addition of
NK cells, T cells, and monocytes to semipurified progenitor
cell populations.?'*'¢? The conflicting results obtained from
such experiments may be due to interactions between the
added cells and other accessory cells in the target progenitor
cell populations. Also, in the aforementioned studies, only
one accessory cell population was studied at any one time.
Few investigators have attempted to study the influence of
interactions between accessory cell populations on hemato-
poiesis in vitro. On the basis of depletion experiments, many
studies have suggested a stimulatory role of NK cells on
hematopoiesis in vitro'>'*'%!"; however, this conclusion is
based on an assumption that accessory cells do not interact
with each other to influence in vitro hematopoiesis. Recently
we have shown that the depletion of cells with monoclonal
antibody 25E11 directed against all NK cells and a subset of
monocytes resulted in an enhancement of hematopoiesis in
vitro that was not explained by NK cell or monocyte deple-
tion alone.*® In the present study, we have used a noncyto-
toxic monoclonal antibody, 9.1C3, that enhanced all aspects
of hematopoiesis in vitro in the absence of complement. The
9.1C3 antibody has been shown previously to inhibit the lysis
of target K562 cells by either cytotoxic monocytes or NK
cells. 32

The addition of 9.1C3 monoclonal antibody to MNCs
obtained from normal bone marrow, cord blood, or -
thalassemic peripheral blood consistently led to an increase
in nonerythroid colonies (1.5- to fivefold) in cultures not
stimulated by Epo or HPCM. The marked enhancement of
these nonerythroid colonies may reflect either the increased
endogenous production of CSFs or other molecules by acces-
sory cells. As others have reported,’“? when adherent cells
were removed, no colonies were generated, which suggests
that adherent cells were required for the production of
endogenous CSF either directly or indirectly via lympho-
cytes.®?

The effect of the 9.1C3 antibody on erythroid and mixed-
erythroid colony formation was generally one of enhance-
ment for all sources of hematopoietic progenitors studied.
However, this enhancement was greatest for peripheral blood
from patients with S-thalassemia major and to a lesser
degree for cord blood and normal bone marrow MNCs.

In one bone marrow aspirate that was heavily contami-
nated with peripheral blood, the response to the addition of
9.1C3 antibody was dramatic, with a 7.6-fold enhancement
of erythroid and 2.1-fold enhancement of nonerythroid colo-
nies. This may reflect more potent accessory cell popula-
tion(s) in peripheral blood as compared with bone marrow or
cord blood. With adherent cell depletion, the enhancement
observed upon the addition of 9.1C3 antibody to MNCs was
no longer observed. Similar results were obtained when
Leu-M3+ cells (monocytes) or Leu-7+ (NK cells) were
depleted by using FACS. The remaining cell populations,
Leu-M3 — or Leu-7—, although containing all the CFCs, did
not show enhancement of hematopoiesis in vitro upon the
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addition of 9.1C3 antibody. However, when T cells were
removed, the OKT3— population showed enhancement of
hematopoiesis in vitro with 9.1C3 antibody. These data
suggest that adherent cells, Leu-M3+ cells, and Leu-7+
cells are required to be present for the 9.1C3 antibody to
enhance hematopoiesis. T cells do not appear to be required
to achieve enhancement of hematopoiesis in vitro by the
9.1C3 monoclonal antibody.

How does 9.1C3 antibody enhance hematopoiesis in vitro?
The 9.1C3 antibody does not appear to bind directly to CFCs
and hence the enhancement of hematopoiesis in vitro may
occur indirectly via a monocyte-NK cell interaction, either
through the release of stimulatory factor(s) or decreased
production of an inhibitory factor(s) for hematopoiesis.
Media conditioned by MNCs incubated with the 9.1C3
antibody enhanced in vitro colony formation when added to
cultures already maximally stimulated by HPCM and Epo.
Interestingly, the 9.1C3 CM contained some direct colony-
stimulating activity, but this accounted for only 15% of the
increase in nonerythroid colony formation when 9.1C3 was
added to cultures already maximally stimulated by HPCM.
Similarly, erythroid colony formation was also enhanced
upon the addition of 9.1C3 CM beyond that maximally
stimulated by Epo and HPCM. A possible model to explain
the data presented in this report is shown schematically in
Fig 6 where the existence of two distinct subsets of mono-

PROGENITOR CELLS
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Fig 6. Schematic representation of a possible mode of action
of 9.1C3 in the enhancement of in vitro hematopoiesis. In cultures
without 9.1C3, a “basal’’ number of progenitor cells were stimu-
lated as demonstrated by the solid lines, whereas in 9.1C3-
stimulated cultures (dotted lines) more progenitor cells are stimu-
lated. (See the text for a description.)
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cytes are postulated. In the absence of the 9.1C3 antibody,
only one of these subsets of monocytes (Mg,) is able to
respond to soluble factor(s) released by NK cells to cause
some stimulation in erythroid colony formation. Likewise, T
cells could conceivably cause similar stimulation of erythroid
colony formation either directly, indirectly via monocytes
(Mg,), or both. In the presence of 9.1C3 antibody, we
postulate that NK cells release an additional factor(s) that
acts only on another subset of monocytes (Mg;), which then
either directly or indirectly produces a CSF(s) that stimu-
lates a large population of erythroid progenitor cells to
proliferate in the presence of Epo. Hence, depletion of either
NK cells (Leu-7+) or Leu-M3 + (Mg, and Mgy,) will result
in abrogation of the 9.1C3 enhancement of in vitro hemato-
poiesis. Similarly, when Leu-7+ cells are removed, the
stimulatory effect on Mg, will be abrogated, and hence, a
variable degree of stimulation of colony formation will be
observed as a result of stimulation by other accessory cells
(such as T cells).

A number of investigators have added NK cells to cell
populations partially depleted of monocytes and observed
inhibition of granulopoiesis'® and erythropoiesis.®? It is
conceivable that these enriched NK cell populations inter-
acted with a subset of monocytes to produce the marked
degree of inhibition of hematopoiesis in vitro observed.

The enhancement of in vitro colony formation by the
addition of 9.1C3 also suggests that the absolute number of

KANNOURAKIS ET AL

clonogenic cells in unfractionated MNC populations may be
underestimated.

In this report we present data to implicate NK cell-
monocyte regulation of hematopoiesis in an inhibitory way.
This inhibitory effect on hematopoiesis appears to be
mediated by a soluble factor(s) and could represent either an
inhibitory molecule(s) or lack of production of a stimulatory
molecule such as CSF. Recently, a soluble factor released by
NK cells that is called tumor necrosis factor (TNF) has been
shown to inhibit in vitro colony formation without inhibiting
BFU-E.” This would be an unlikely candidate to mediate the
phenomenon observed with the 9.1C3 antibody because
cultures pretreated with anti-TNF antibodies have not been
able to achieve higher colony numbers beyond that in an
unfractionated culture maximally stimulated with CSF
alone.? This suggests that the 9.1C3 antibody may lead to
the production of a factor(s) either not found in HPCM or
present normally in very small amounts. Potential candidates
for such factors may include the recently reported human
interleukin-3* or interferon-g,.4*
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