Stimulation of Thrombopoiesis in Mice by Human Recombinant Interleukin 6
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Abstract

To date, testing of various cytokines for the stimulation of
blood cell production has not demonstrated a consistent effect
on peripheral platelet levels. In this report, we provide evi-
dence that human recombinant I1L-6 increased platelet produc-
tion in mice, as measured by both peripheral platelet levels and
["5Se]selenomethionine (">SeM) incorporation into newly
forming platelets. Peripheral white blood cell counts also were
increased, but only to a modest extent, and hematocrit values
were unchanged. A dose-response relationship between the
amount of IL-6 administered and platelet count, ’>SeM incor-
poration, and white blood cell count was demonstrated. Detect-
able megakaryocyte and granulocyte-macrophage colony-
forming cells in mice that had received IL-6 also were in-
creased in both bone marrow and spleen. These results
demonstrate the ability of a purified, recombinant protein to
stimulate platelet production in vive. (J. Clin. Invest. 1990.
85:1242-1247.) interleukin 6 » megakaryocyte « thrombopoie-
tin « platelet production ¢ colony-forming cells

Introduction

Although regulation of platelet production has been studied
for over two decades, a clear understanding of the mechanisms
that control thrombopoiesis has not been achieved. Platelet
production can be stimulated either endogenously, by produc-
tion of acute thrombocytopenia, or exogenously, by adminis-
tration of fractionated plasma from animals in which the pe-
ripheral platelet levels had been severely decreased (reviewed
in references 1-3). A substance that stimulates platelet produc-
tion also is present in the supernatant of cultures of human
embryonic kidney cells (HEKC)' (4). Partial purification
(from a number of sources) of the activity that stimulates
platelet production, designated thrombopoietin (TPO), has
been reported (5-8). However, TPO has not been completely
isolated and characterized; this has prevented large scale pro-
duction through DNA cloning technology. Without large
quantities of pure TPO, it has not been possible to adequately
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analyze hormonal stimulation of platelet production in vivo.
Purification and characterization of TPO remains an impor-
tant goal for research into thrombopoiesis both to provide a
probe for studying the regulation of platelet production and to
potentially allow intervention in clinical settings that require
acceleration of platelet production.

Attempts to stimulate thrombopoiesis in vivo, using re-
combinant factors that are currently being tested for their abil-
ity to enhance production of other blood cells, have not been
consistently successful. Although high doses of purified recom-
binant erythropoietin have been reported to increase platelet
production in rodents (9, 10), it does not increase peripheral
platelet levels in humans at the dosages used for patients with
end-stage renal disease (11). The recent observations that the
cytokine IL-6 stimulates megakaryocyte (MK) growth and
maturation in vitro (12-14), as well as increases MK ploidy in
vitro (14), suggest that the potential effect of IL-6 on platelet
production should be more extensively studied.

IL-6 is a cytokine with a wide range of in vitro biological
activities (reviewed in reference 15) including antiviral activity
(interferon B,), B cell stimulation, hybridoma growth factor
activity, hepatocyte stimulatory activity, and T lymphocyte
activation. IL-6 exhibits various hematopoietic colony-stimu-
lating and differentiation-inducing activities in murine and
human bone marrow cell culture systems (16-20). IL-6 also
has been found to synergize with other growth factors includ-
ing IL-3 (12, 13, 16, 21, 22), IL-4 (13), granulocyte-macro-
phage colony-stimulating factor (GM-CSF) (20) and macro-
phage CSF (23). Interestingly, the study with macrophage CSF
did not demonstrate synergy between IL-6 and IL-3, GM-CSF,
granulocyte CSF, or erythropoietin, using purified human
bone marrow progenitor cells (23).

In vivo, a single injection of 0.01-0.8 ug of IL-6 into rats
caused a rapid and transient increase in peripheral blood neu-
trophils and lymphocytes (potentially due to demargination),
which subsided by 24 h after administration (24). Bone mar-
row myeloid hyperplasia and erythroid hyperplasia, associated
with peripheral blood reticulocytosis, also was observed. It is
important to note that no changes in MKSs (the precursors for
circulating platelets) were observed. Administration of IL-6 to
mice for 7 d by osmotic pumps (1-50 ug/mouse per d) resulted
in an increase of both spleen and GM colony-forming units in
the spleen but not in the bone marrow (25); no peripheral
blood measurements were made. A study in mice of the effect
of IL-6 (10 ug/mouse per d) on recovery after bone marrow
transplantation demonstrated increases in the number of
spleen and bone marrow cells and peripheral white blood cells,
but no effect on platelets and red blood cells (26). Recently, it
has been demonstrated that administration of human recom-
binant IL-6 produces elevated platelet levels and increased
MK diameter in mice (27).

In this study, we have examined the effect of pure human
recombinant IL-6 expressed in SF9 insect cells (28, 29), on
platelet production in mice. We have measured not only pe-



ripheral platelet levels, but also the rate of platelet production,
to rule out alterations in distribution of the platelet mass that
might result in increased platelet levels. Other peripheral blood
cell levels also were measured. In addition, the effect of admin-
istration of IL-6 to mice on MK and GM colony-forming cells
(CFC) detectable in the spleen and bone marrow was exam-

ined.

Methods

Administration of human recombinant IL-6. Purified human recombi-
nant IL-6 was kindly provided by Cetus Corp., Emeryville, CA. IL-6
bioactivity was quantified utilizing the IL-6-dependent murine hy-
bridoma cell line B9 (30), using IL-6 commercially available: from
Amgen Biologicals (Thousand Oaks, CA) as the assay standard. The
Amgen IL-6 has a specific activity of 1-2 X 107 U/mg, measured as
stimulation of IgG secretion by the B cell line SKW-6.4; | U = half
maximal secretion on day 4. The specific activity of the insect cell-ex-
pressed IL-6 was similar to the Amgen IL-6 in the B9 assay (10 U/ng).
We confirmed that the IL-6 used for the present study was capable of
stimulating murine MK growth in vitro, as previously described (12,
13) by demonstrating that in the presence of murine IL-3 (10 U/ml;
DNAX, Palo Alto, CA), addition of IL-6 (5-200 ng/ml) to agar cul-
tures of murine bone marrow cells (50,000 cells/1 ml culture) resulted
in increased formation of MK colonies.

The route of administration of IL-6 chosen for this study was
subcutaneous injection, in order to maintain plasma levels of IL-6
longer than after intravenous or intraperitoneal administration. The
disappearance of IL-6 from plasma after intravenous administration
has been found to be biphasic with half-lives of 3 and 55 min, respec-
tively (31). We postulated that subcutaneous injection would provide a
slower rate of delivery into the plasma, resulting in a longer period of
biological activity. IL-6 was administered to Swiss Webster mice
(25-30 g; Bantin and Kingman, Fremont, CA) in solutions (0.5 ml/in-
jection) that contained 140 mM NaCl (bacteriostatic saline; Abbott
Laboratories, North Chicago, IL), 100 ug/ml bovine serum albumin
(Fraction V; Sigma Chemical Co., St. Louis, MO), and IL-6. Injections
of IL-6 (or control solution containing all components except 1L-6)
were performed eight times during a 54-h period (three injections
during each of the first two 24-h periods; two injections during the final
6-h period).

Platelet production. ["*Se]Selenomethionine ("> SeM) incorporation
into newly formed platelets was used as a measure of the rate of platelet
production, as previously described (32, 33). 7*SeM was injected intra-
peritoneally into control and experimental animals 2 h after the final
injection of test materials. 16 h after the isotope injection, the animals
were killed and the levels of 7°SeM in platelets, isolated from whole
blood collected by cardiac puncture, as previously described (32), were
measured. The percent of the total injected isotope present in circulat-
ing platelets was calculated.

Peripheral blood cell levels. Peripheral platelet and white blood cell
levels were determined using an electronic particle counter (Coulter
Electronics Inc., Hialeah, FL, as described previously (34). Hematocrit
values were determined with a microhematocrit centrifuge (model
MB; International Equipment Co., Needham Hts., MA).

CFCs. Single cell suspensions of bone marrow or spleen cells from
control and experimental mice were prepared and cultured in 0.3%
agar, in a fully humidified atmosphere of 10% CO, in air. A source of
growth factor, obtained from the supernatants of spleen cells cultured
in the presence of pokeweed mitogen, was added to each culture (35,
36). MK- and GM-CFCs were quantified on the basis of colonies
formed after 7 d, when the frequency of MK colonies is maximum.
GM colonies were identified by morphology in wet cultures with a 40X
stereo microscope. MK colonies (three or more cells) were identified
by staining for the enzyme acetylcholinesterase after the cultures were
dried, as previously described (37, 38). Bone marrow and spleen cells
were collected when animals were killed for platelet isolation (i.e., I8 h
after the final IL-6 injection) and were grown in culture as indicated
above. Total numbers of detectable CFCs per femur or spleen were
calculated by multiplying the total number of colonies per number of
cells plated (frequency) by the total number of cells obtained from a

single femur or spleen. :

Results

To test the effect of IL-6 on platelet production, IL-6 was
administered in eight subcutaneous injections during a 54-h
period (as described in Methods). The extended injection
schedule was used to allow immature MKs adequate time to
become mature platelet-releasing cells, thus providing a range
of potential target cells for IL-6. Multiple injections are re-
quired because of the relatively short plasma half-life of IL-6.
Table I shows the effect of a total dose of 8 ug of IL-6 on
platelet production. The rate of appearance and levels of the
isotopes 3°S or 7°SeM in circulating platelets provide the basis
for a well characterized assay for platelet production (32, 33,
39, 40); these radionuclides label newly synthesized platelets
via protein synthesis in the cytoplasm of the platelet precursor
cell, the MK. The 100% increase in >SeM incorporation is
indicative of a very large increase in the rate of thrombo-
poiesis. We have found that administration of partially puri-
fied TPO to normal animals usually produces only a 30-50%
increase in SeM incorporation (8, 32). The marked increase
in platelet production was further substantiated by the increase
in peripheral platelet levels (Table I). Peripheral white blood
cell counts were not elevated sufficiently, at this dose, to
achieve statistical significance. The hematocrit value also was
not changed by administration of IL-6.

Table I. The Effect of IL-6 on Platelet Production and Peripheral Blood Cell Levels

Peripheral white
75SeM incorporation Peripheral platelet count blood cell count Hematocrit
% of total injected isotope
xX10°) platelets/ul X 10~¢ cells/ul %
Control 1.95+0.09 (20) 1.262+0.030 (21) 3,680+330 (21) 42+0.5 (21)
IL-6 3.91+0.22 (17)* 1.607+0.049 (19)* 4,200+320 (19) 4010.3 (19)

Human recombinant IL-6 was administered subcutaneously to Swiss Webster mice (25-30 g) at a dose of 1 ug/injection (8 ug total dose per
mouse). Mean values + 1 SE are shown. The numbers in parentheses indicate the number of animals that were analyzed. In this table, the re-
sults of three completely independent experiments have been pooled. The IL-6 used for these experiments was from two separately prepared
batches. For statistical analysis, the data were analyzed by the Mann-Whitney U test. * P < 0.0001.
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Table II. The In Vivo Effect of IL-6 on Murine MK-
and GM-CFCs in the Bone Marrow and the Spleen

Total bone marrow CFC Total spleen CFC

MK GM MK GM
Control 3,900+1,100 41,170+3,160 3,390+500 7,760+560
IL-6 12,270+1,550*  94,560+2,140*  7,580+740*  33,630+1670*

1L-6 was administered to mice as indicated in Table 1. Total CFCs per femur
or spleen were calculated as described in Methods. The results of three separate
experiments have been averaged; the cell suspensions from two animals were
combined for each experiment. A total of six experimental and six control ani-
mals were studied in the three experiments presented. Statistical analysis was
performed as for Table 1.

* P < 0.005.

The previous observations that IL-6 increased the detect-
ability of MK-CFC in vitro remained to be confirmed in vivo.
Therefore, we examined the effect of administration of IL-6
(total dose of 8 ug) to mice on bone marrow and spleen CFCs
(Table II). IL-6 increased the numbers of detectable MK- and
GM-CFCs derived from both bone marrow and spleen. This is
in agreement with a previous study that demonstrated an in-
crease in GM-CFC in mice after a 7-d infusion of IL-6 by
osmotic pumps (25). MK-CFC were not examined in the pre-
vious study.

We determined whether a dose-related response could be
demonstrated for the effects of IL-6 on platelet production and
CFC. Table III demonstrates the effects of various doses of
IL-6 on 7°SeM incorporation, peripheral platelet and white
blood cell levels, and detectable colony-forming cells. Maxi-
mal effect on platelet production appeared to occur between a
total dose of 4.0 and 16 ug per animal. There was a lesser
response at 1.6 ug per animal and no effect at 0.4 ug. The
peripheral white blood cell count, although increased in a
dose-dependent manner, achieved a statistically significant
difference from control mice only at the highest dose tested. In
the bone marrow, detectable MK-CFC were increased at a
total dose of 1.6 ug or higher, but detectable GM-CFC were

elevated by as little as a 0.4-ug total dose. It is interesting that
the apparently greater sensitivity to IL-6 of GM-CFC in the
bone marrow (relative to MK-CFC) was not manifested by a
comparable increase of peripheral white blood cells. In the
spleen, alterations of the numbers of detected MK and GM
colonies paralleled each other with a minimum total dose of
1.6 ug required to produce an effect. Our ability to produce a
dose-related response is further evidence that the administered
IL-6 was responsible for the observed effects on hematopoiesis
in vivo. All injection solutions used for the dose-response ex-
periments presented in Table III were tested for endotoxin
contamination by the sensitive Limulus amebocyte lysate
assay (41). No endotoxin was detectable up to a total dose of 4
ug. The 8-ug total dose (1 ug IL-6/0.5 ml injection) contained
< 0.1 pg/ml of endotoxin and the 16-ug total dose (2 ug
IL-6/0.5 ml injection) contained 0.1-1 pg/ml of endotoxin.
These concentrations (in the volumes injected) do not produce
physiologic effects.

After determining a range of doses of IL-6 that produced
stimulation of platelet production when administered during a
54-h period, we examined the effect of shortening the injection
schedule. Administration of 4 ug of IL-6 (a dose that stimu-
lated platelet production in previous experiments), starting 24
h before sampling of tissues (IL-6 was administered in two
equal doses during a 6-h period), did not result in elevation of
peripheral platelet levels or 7*SeM incorporation into newly
formed platelets.

Discussion

The demonstration of stimulation of platelet production by a
pure recombinant growth factor is clearly important. The
models previously employed to study stimulation of thrombo-
poiesis have relied on perturbation of animals by bone marrow
suppression or peripheral destruction of platelets. In this study,
we have demonstrated stimulation of thrombopoiesis in nor-
mal animals using only a pure recombinant protein. The ef-
fects are greater than we have observed with short term admin-
istration of TPO, which is only available in partially purified

Table III. The Effect of Various Doses of IL-6 on Murine Hematopoiesis In Vivo

Peripheral Total bone marrow CFC Total spleen CFC
75SeM Peripheral platelet white blood
Dose of IL-6 incorporation count cell count MK GM MK GM
% of total injected

total ug/mouse isotope X10° Platelets/ul X 107° cells/ul cfc/femur cfc/femur cfc/spleen cfc/spleen
Control (20) 1.95+0.09 1.262+0.030 3,680+330 3,130+770 38,880+2,070 3,130+410 7,179+£560

0.4 (5) 1.56+0.17 1.132+0.017 2,640+320 3,890+200 54,520+710* 3,090+10 5,430+360

1.6 (6) 2.57+0.21% 1.366+0.046 3,380+360 6,890+330% 65,930+330% 5,130+80% 10,470+670%

4.0 (5) 4.20+0.37% 1.563+0.037% 4,110£500 6,060x10% 78,100+1,420% 1,780+60 7,810+60

8.0 (1) 4.20+0.21" 1.615+0.073" 4,760+430 14,890+1,460* 91,170+2,960¢ 6,380+560* 36,100+1,700*
16.0 (0] 3.82+0.17¢ 1.623+0.070% 5,890+910% 8,320+1,400% 91,940+2,910% 8,600+630% 29,700+1,830%

Human recombinant IL-6 was administered to mice to achieve the total doses indicated. 7*SeM incorporation, peripheral platelet and white
blood cell levels, and numbers of CFCs were measured as described in Methods. The numbers in parentheses indicate the number of animals
that were individually studied for >SeM incorporation, peripheral platelet counts, and white blood cell counts. The values for CFCs are based
on multiple dilutions of cell suspensions pooled from two animals. The CFC values for the 8.0-ug dose are based on two separate groups of ani-
mals with two sampled from each group. The control CFC values are based on three separate groups of animals with two sampled from each
group. Mean values are presented * 1 SE. Statistical analysis was performed as for Table 1. * P < 0.01; 1P <0.05,%P<0.001;" P <0.0001.
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preparations. Increased platelet levels, an important manifes-
tation of increased platelet production, have usually not been
associated with stimulation of thrombopoiesis by partially pu-
rified TPO (8, 42). Our observations that IL-6 results in aug-
mentation of platelet levels is important in contrast to the
cytokines IL-2, IFN-vy, IL-18, and IL-3, which have little effect
on peripheral blood cells when administered alone (43-45).
Therefore, IL-6 is potentially a very important probe for the
study of regulation of platelet production. In addition, encour-
aging results using colony stimulating factors to diminish the
leukopenia associated with chemotherapy (46) suggest that
thrombocytopenia, also associated with many of the same
therapies, may become the limiting toxicity for the use of bone
marrow suppressive agents. If IL-6 can stimulate platelet pro-
duction in humans, as it does in mice, then use of a combina-
tion of colony stimulating factors and IL-6 may diminish the
two major limiting toxicities associated with chemotherapy,
allowing more aggressive and potentially more effective use of
marrow suppressive drugs for cancer patients and patients with
AIDS.

A recently published study reported that in vivo adminis-
tration of IL-6 to mice produced an increase in peripheral
platelet levels (27). However, increased levels of circulating
platelets do not necessarily establish that platelet production
has been stimulated. An alteration in the distribution of the
circulating platelet mass (e.g., a decreased splenic pool) could
produce elevated platelet levels although platelet production
remained unaffected. Administration of IL-18 to normal mice
produces thrombocytopenia that is eliminated by splenec-
tomy, and therefore is not caused by a decrease in platelet
production (47). Therefore, our observations that both isotope
incorporation into newly forming platelets (a well-character-
ized assay for the rate of platelet production) and peripheral
platelet levels are increased after IL-6 administration, provide
convincing evidence that in vivo administration of IL-6 stimu-
lates platelet production in mice.

Our observations that administration of IL-6 produced an
increase in MK- and GM-CFC in both bone marrow and
spleen is in striking contrast to the recent study of Ishibashi et
al. which did not detect an increase in either MK- or GM-CFC
in bone marrow after administration of IL-6 (27). The spleen,
which may be a more sensitive indicator of stimulated murine
thrombopoiesis (36, 48), was not studied. A previous investi-
gation also demonstrated an increase in GM-CFC in the spleen
of mice after administration of IL-6 for 7 d by osmotic pump
(25). However, no changes were observed in the bone marrow.
The reason for these discrepancies is not clear, but our obser-
vations are important because they suggest that multiple stages
of megakaryocytopoiesis are affected by IL-6. The effects on
CFC could be indirect, occurring as a result of depletion of
more mature cell populations, and therefore the discrepancies
among the observations of effects on CFC could result from
differences in the level of stimulation of hematopoiesis.

We do not believe that the increase in MK-CFC is respon-
sible for the observed increase in platelet production, because
our experimental protocol does not allow sufficient time for
MK-CFC to generate mature platelet-producing MKs. The in-
crease in platelet production is more likely due to an effect on
maturing and mature MKs. This concept is supported by our
observation that GM-CFCs were elevated by a dose of IL-6
that produced no effect on peripheral leukocyte counts. Simi-
larly, in mice, administration of low doses of 5-fluorouracil or

production of acute thrombocytopenia produces increases in
splenic MK-CFC that occur too late to account for the result-
ing rebound thrombocytosis (49, 50). Our observation that
IL-6 elevated numbers of detectable MK-CFC in the bone
marrow is in contrast to previous findings that acute throm-
bocytopenia does not produce a comparable increase in bone
marrow MK-CFC (48-51). However, the relationship between
detectable numbers of CFC and peripheral platelet levels re-
mains unclear.

Ishibashi et al. also failed to detect the effect of IL-6 on
peripheral leukocyte levels which we observed (27). Although a
statistically significant increase in leukocyte count was
achieved in our studies only at the 16-ug dose, the dose-re-
sponse relationship between the dose of IL-6 and the resulting
leukocyte counts observed after administration of lower doses
of IL-6 suggests that IL-6 does affect leukocyte levels. Al-
though the hematocrit value did not increase in our studies,
reticulocytosis and erythroid hyperplasia after administration
of IL-6 has been described (24). Therefore, IL-6 may increase
the hematocrit if administered for an adequate period of time.
These observations are important because they indicate that
the hematopoietic effects of IL-6 are not completely lineage
specific, although the stimulation of platelet production is
more dramatic than has been consistently observed after ad-
ministration of other cytokines.

An important question raised by our study is the nature of
the potential relationship between IL-6 and TPO. Parallels
exist between the activities of IL-6 and those of partially puri-
fied sources of TPO, including support of the growth of mu-
rine MK colonies (in the presence of a CSF) and single MKs in
vitro (1-3). HEKC culture supernatant, which also supports
murine MK growth in vitro (in the presence of a CSF), has
been shown to contain IL-6 (52). Therefore, at least some of
the in vitro activities of HEKC supernatant may result from
the presence of IL-6. Interestingly, HEKC supernatant also has
been shown to support the growth of GM colonies (53, 54),
another in vitro activity of IL-6. Our current results suggest
that the presence of IL-6 could also account for some of the in
vivo thrombopoiesis-stimulating activity of HEKC superna-
tant. Whether the thrombopoiesis-stimulating activity present
in the plasma of animals after production of acute thrombo-
cytopenia also is due to IL-6 remains to be investigated. How-
ever, our preliminary findings (data not provided) indicate
that IL-6 levels in murine plasma are not elevated at the ap-
propriate time-points after acute thrombocytopenia. TPO
levels are elevated 4-6 h after induction of acute thrombocy-
topenia (5, 8) but IL-6 levels were found to be normal at both 4
and 6 h. This would suggest that TPO and IL-6 are not the
same molecule although they may both act upon the same
regulatory system.

Elucidation of the mechanism by which IL-6 stimulates
platelet production in mice will provide important insights
into humoral regulation of thrombopoiesis. Ishibashi et al.
demonstrated an increase in MK size after administration of
IL-6 (27). It will be important to establish whether other
changes in MKs observed after acute thrombocytopenia (e.g.,
increased number, and DNA content) can be produced by
administration of IL-6 to mice with normal platelet levels.
This would provide strong evidence that IL-6 can stimulate the
normal regulatory mechanism of thrombopoiesis, possibly in
conjunction with TPO or by a similar, independent mecha-
nism.
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