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Stromal cell populations in necropsy bone
marrow sections from allogeneic marrow
recipients and non-transplant patients

S A Dilly, C J Jagger, J P Sloane

Abstract
Aims-To compare the numbers of alka-
line phosphatase positive reticulum cells
(AL-RC) and macrophages in bone mar-
row transplant (BMT) recipients with
numbers in normal subjects and to look
for correlations with clinical features.
Methods-Sections of femoral marrow
were obtained at necropsy from 18 BMT
recipients and nine normal subjects who
had died suddenly. AL-RC were visu-
alised through their endogenous alkaline
phosphatase activity. Macrophages were
stained by an immunocytochemical tech-
nique using the antibody EBMI11 (CD68)
and through their endogenous acid phos-
phatase activity. The numbers of stained
cells were counted and expressed as a
percentage of total nucleated cells.
Results-In both sets of marrow tissue,
more macrophages stained for CD68
than for acid phosphatase, indicating
macrophage heterogeneity. The percent-
age value for CD68 positive macrophages
was higher among the transplant recipi-
ents (p < 0-01). At least in part this was
caused by a reduction in haemopoietic
cell numbers. Percentage values for acid
phosphatase and alkaline phosphatase
positive cells did not differ between the
two groups. To exclude the effect of
changes in marrow cellularity, stromal
cell ratios were compared. The AL-RC:
CD68 and acid phosphatase:CD68 ratios
were both lower in BMT recipients, indi-
cating that after BMT either the absolute
number of AL-RC and acid phosphatase
cells decreases, or CD68 cells increase,
or there is a combination of the two.
There was no correlation between the
number of each cell type and cell dose
given at transplantation, time after
transplantation, presence of graft versus
host disease or infection, marrow ery-
throid:myeloid ratio, or peripheral white
cell count. The ratio ofAL-RC to macro-
phages in our intact marrow was 0 43,
considerably higher than that reported in
cultured marrow.
Conclusions-AL-RC and acid phos-
phatase positive cells may be most
important for supporting haemopoiesis
and their reduction after BMT may
contribute to depression of haemo-
poiesis. CD68 positive cells include
macrophages with a wide variety of
functions and these may be increased in
response to marrow damage.

(J Clin Pathol 1993;46:611-616)

Allogeneic bone marrow transplantation
(BMT) for malignant haematological disease
is followed by a variable period of pancytope-
nia. This is a consequence of the treatment
required to achieve remission, the pre-trans-
plant conditioning to eliminate host marrow
and reduce host immune defences, and the
time taken for the donor marrow to prolifer-
ate. The clinical problems of graft versus host
disease (GvHD) led to ideas of purging donor
marrow of T cells to prevent this complica-
tion. Purged marrows, however, were more
liable to graft failure, possibly due to the
unopposed action of recipient T lymphocytes,
and so enhanced pre-transplant conditioning
was required. Now interest is focused on the
use of growth factors to stimulate haemopoi-
etic recovery after BMT.

In normal bone marrow haemopoietic
growth factors are probably produced by
some of the marrow stromal cells. Stromal
cells consist of a mixture of adipocytes,
endothelial cells, fibroblasts, macrophages
and "reticular cells". Two cell types seem to
be of particular importance. One is a
macrophage commonly associated with ery-
throid precursors and the other is the alkaline
phosphatase positive reticulum cell (AL-RC).
AL-RC are generally dendritic in shape and
closely associated with granulocytic precur-
sors. They synthesise reticular fibres, impor-
tant for structural support and have adhesion
molecules, such as fibronectin, which may be
involved in the anchoring of immature cells.
Macrophages have many functions in marrow
including iron storage, phagocytosis of
expelled erythroblast nuclei, and probably
production of factors stimulatory to erythro-
cytes, granulocytes, and macrophages. One
hypothesis is that the AL-RC produces a lin-
eage non-specific factor for maintaining early
stem cells and also macrophage colony stimu-
lating factor. The macrophage itself would
then produce terminal differentiating hor-
mones.1

Theoretically, if marrow stroma were dam-
aged then marrow engraftment might be
delayed or depressed. Views differ on whether
marrow stromal damage is a significant factor
in haemopoietic recovery after BMT. In
whole-animal experiments in which marrow
transplants were given to irradiated mice,
there was no evidence of irradiation induced
stromal injury.2 Marrow cultures grown from
patients, three weeks to 10 months after
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Patient details and maro cell staining

Clinical details

Case Age Haplotype State at Pre-transplant Days after
No (years) Sex Diagnosis match transplantation conditioning transplantation

1 32 F AML 2 remission2 CI 20
14 33 M AML 2 remission 1 CM 51
3 28 M AML 2 remission I MI 105
4 19 M AML 1 remission 2 CI 22
5 36 F AML 2 remission I MI 54
6 47 F CGL 2 active C 90
7 7 F ALL 2 remission 3 CM 46
8 14 M AML 1 remission I CI 53
9 20 F AML 1 remission 2 CI 140
10 18 M ALL 1 remission 2 CI 43
11 39 F AML 1 remission 1 CI 14
12 40 F AML 2 remission 1 CI 68
13 7 M ALL 1 remission 2 CI 19
15 19 F AML 1 remission 2 CI 56
16 18 M AML 2 remission I MI 7
17 32 F AML 2 remission 1 CI 86
18 29 F ALL 2 remission 2 CI 326
19 5 F AUL 1 remission 2 CI 22

ALL, acute lymphoblastic leukaemia; AML, acute myeloid leukaemia; AUL, Acute undifferentiated leukaemia; CGL, chronic
granulocytic leukaemia. B, bacterial; F, fungal; V, viral (tissue diagnosis); H, haemorrhage; 0, acute haemorrhagic pulmonary
oedema; P, interstitial pneumonitis; T, thrombosis. C, cyclophosphamide (two doses of 60 mg/kg body weight); I; total body
irradiation (9-5 Gy at 0-025 Gy/min); M, melphalan (240 mg/M2). Cyclosporin A was used for prophylaxis of GVHD in all cases
(12-5 mg/kg body weight/day).

BMT, however, did show decreased
haemopoietic accessory cell function.3 This
damage seemed to affect the Fc+ and T cells,
which are non-adherent under culture condi-
tions, with roughly normal growth factor pro-
duction by adherent cells.

Methods
Upper femoral marrow was obtained at
necropsy from 18 marrow recipients and nine
non-transplant subjects who died suddenly.
All tissues were taken within 24 hours of
death. Some was formalin fixed for paraffin
wax embedding and some was mounted on
cork in OCT compound and snap frozen in
isopentane and liquid nitrogen.

Paraffin wax sections were cut at 3 ,um and
stained with haematoxylin and eosin and for
chloroacetate esterase and reticulin. Frozen
sections were used for staining for endoge-
nous alkaline phosphatase, endogenous acid
phosphatase, and with an antibody against
macrophages, detecting CD68, EBM/11
(Dakopatts),4 and anti-factor VIII related
antigen (Dakopatts). Frozen sections were
cut at 6,um, mounted on multispot slides,
air-dried for 1 to 2 hours, fixed in acetone for
25 minutes, rinsed in TRIS-buffered saline
(TBS), pH7-6, further fixed in paraformalde-
hyde-periodate-lysine solution at 4°C for 4
minutes and rinsed in TBS. For demonstra-
tion of endogenous alkaline phosphatase, the
sections were then incubated in substrate
using the substituted naphthol method with
napthol-ASBI-phosphate and Fast Red TR
for 20 minutes. For acid phosphatase, the
pararosanolin hydrochloric acid method at
pH4-8 was used. After rinsing in distilled
water and counterstaining with Mayer's
haematoxylin they were mounted in Apathy's
medium. For immunocytochemical staining
with EBM/1 1, primary antibody was applied
for 1 hour, followed by goat anti-mouse sec-
ondary antibody (F(ab)2 (Sigma)) for 30
minutes, alkaline phosphatase antialkaline

phosphatase (Dako) for 30 minutes, and then
substrate as above, but including Levamisole
to block endogenous activity. For antibody
against factor VIII related antigen, alkaline
phosphatase labelled secondary antibody was
used (goat anti-rabbit whole molecule;
Sigma). All antisera were diluted in 3%
bovine serum albumin in TBS at pH 7-6; sec-
ondary antibody had 1% normal human
serum added, and all procedures were at
room temperature unless otherwise stated.
The number of stained cells was counted

relative to the number of nucleated cells,
about 1000 nucleated cells being counted
in each case. For statistical analysis, the
Wilcoxon rank sum test and Spearman's rank
correlation test for non-parametric data were
used.
Marrow cellularity was judged by eye on

the frozen section material and use to rank
the marrows in order of cellularity.

All patients received marrow from family
members. Patient details are given in the
table. The non-transplanted subjects had a
median age of 72 years (range 35-80 years)
and comprised six men and three women.
Most BMT recipients were being treated

for AML (12/18). Five (cases 14-17 and 19)
received marrow that had been purged with
CAMPATH 1 or UCHT 1 to remove im-
mune cells in an attempt to reduce GvHD.
The overall survival after transplantation var-
ied from seven to 326 days. In 12 cases the
survival was greater than six weeks.

Results
NORMAL FEMORAL MARROW
The marrows had a normal histological
appearance with haemopoietic colonies con-
taining a mixed population of erythroid cells,
megakaryocytes, and granulocytes at different
stages of maturation. The erythroid:myeloid
ratio varied from 0 6 to 3 0 (median = 1 3).

Histochemical staining for endogenous
alkaline phosphatase showed osteoblasts,
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Stromal cells afterBMT

Necropsyfindings Marrow cells

Acid Alkaline EDythroid:myeloid Pyknotic Cellularity
GvHD Infections Other CD68 phosphatase phosphatase ratio cells ranking

P 25 6-6 3-5 09 ++++ 14
+ OPT 26 8-6 2-4 0-13 + 12
+ Fungal T 42 14-4 1-0 + + + 5
+ HT 31 11-5 4-5 1-3 + 6
+ Viral, Fungal T 38 9-2 0 5 - 8
+ Viral 20 6-0 0-2 1-7 + 17
- Bacterial, Fungal, Viral 67 9-6 no haemopoietic activity - 2
+ 48 7-7 1-5 +++++ 13
+ 0 18 50 2-6 1-3 ++++ 15
+ H 30 5-1 0-4 + 18
+ Fungal T 20 10-4 1-2 + + + 4
+ Fungal, Viral PT 10 3-5 2-0 0.9 + + 16

PH 28 10-5 11-6 0-1 - 11
+ Viral H 50 12-6 10-6 1-4 + + + + 3
- T 42 8-6 5 0 0-8 + + + 9
- Viral P 33 7 9 4-5 1-8 + + 10
- Fungal 35 10-2 2-2 + + + + + 7
- Fungal 38 11-8 12-4 no haemopoietic activity - 1

endothelial cells, some spindle cells, occa-

sional adipocytes and dendritic cells. The
dendritic cells (AL-RC) were generally con-
centrated in haemopoietic islands and near

small blood vessels and did not show any
clustering in the paratrabecular areas.

Rounded or spindle-shaped alkaline phos-
phatase positive profiles were present between
adipocytes in areas without haemopoietic
activity. These cells stained for factor VIII
related antigen and so were the endothelial
cells of small vessels. Factor VIII related anti-
gen staining was also present on the endothe-
lium of large blood vessels and on mega-
karyocytes but not on any dendritic-shaped
cells.

Immunocytochemical staining using EBM/
11 and enzyme histochemical staining for
acid phosphatase were used to demonstrate
the presence of macrophages. These both
stained the cytoplasm of macrophages and
osteoclasts. The macrophages were numer-

ous, fairly uniformly distributed throughout
the marrow, and showed no clear association
with any type of haemopoiesis or anatomical
compartment (fig 5).
The number of macrophages and AL-RC

were counted for each marrow and expressed
as a percentage of the cells present. CD68
positive macrophages accounted for 13-5%
(median) of nucleated cells (range 9-21%),
while acid phosphatase positive macrophage
numbers had a median value of 8-0% and
ranged from 6-7%-20%. This difference was

significant (p < 005). The median value for
alkaline phosphatase positive cells with den-
dritic morphology was 5-6% (range = 4-6%-
7 3%). The ratio of AL-RC to CD68 positive
cells was 0 7 (range = 0 27-1 1).

FEMORAL MARROW AFTER BMT
After BMT, most marrows were noticeably
hypocellular with only three marrow samples
having a cellularity comparable with that of
the normal group. The marrow stroma
showed a variety of appearances which did

not correlate with any of the clinical features.
Five cases exhibited sinus ectasia, seven had
interstitial haemorrhage, five had an increase
in fibrous tissue and 14 contained pyknotic
cells-in eight cases these were numerous.
The pyknotic cells were generally found in
areas of erythroid activity and possibly repre-
sented either ineffective erythropoiesis or
local cell damage. Their numbers did not cor-
relate with clinical features or stromal cell
numbers. Adipocytes generally had normal
morphological appearances, but in three mar-
rows there were large numbers of small multi-
vacuolated adipocytes. The haemopoietic
areas contained cells principally of one lin-
eage in eight cases, and a mixed population in
nine cases.
No difference was detected in the distri-

bution of haemopoietic activity between para-
trabecular and intertrabecular areas. The
erythroid:myeloid ratio varied between 013
and 1-85, with a median value of 1d16, which
was not significantly different from the value
in normal subjects. All of the aforementioned
features were compared with cell dose given
at transplantation, days after transplantation,
presence of GvHD, presence of infection,
days to reach a peripheral blood granulocyte
count of 0O5 x 1091 and marrow cellularity.
No correlation was detected.

Macrophages accounted for 32% (range =
10%-67%) by CD68 staining and 8-6%
(range = 3-5%-12-6%) by acid phosphatase
staining. The number of macrophages stain-
ing for CD68 was significantly higher than
the number staining with acid phosphatase
(p < 0O01), and this difference was more pro-
nounced than in the normal marrows. The
median number of AL-RC was 6-4% (range
= 02%-14A4%). Both AL-RC and macro-
phages were scattered randomly throughout
the marrow and were not concentrated in
areas of haemopoietic activity (figs 3 and 4).
No difference was detected in cell numbers or
clinical features in patients receiving purged
rather than intact marrow.
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Figure 3 Alkaline phosphatase positive cells in a BMT
recipient (arrows indicate increased iron stores).

Figure I Stromal cell percentage values in patients afterBMT compared with non-
transplant subjects.

If the number of each cell type after BMT
was compared with the value in normal sub-
jects (fig 1), CD68 positive macrophage
numbers were increased (p < 0O01) after
BMT; acid phosphatase positive cells and
AL-RC numbers were not significantly differ-
ent. After BMT there was an inverse correla-
tion between marrow cellularity and the
number of AL-RC or macrophages, whether
identified by CD68 or acid phosphatase (fig
2). This partially relates to having to assess
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stromal cell numbers as a percentage of the
total nucleated cell population. Thus if stro-
mal cell numbers per unit area remained con-
stant, the percentage value would increase
with any drop in haemopoietic cell numbers.
Any decrease in haemopoietic elements, how-
ever, would affect the percentage value of
each stromal cell type equally. Therefore, any
ratio of two stromal cell types would cancel
out the effect of changes in cellularity and
permit an accurate comparison of transplant
and non-transplant marrows.
The ratio values for acid phosphatase

positive cells: CD68 positive cells, alkaline
phosphatase positive cells: CD68 positive
cells, and alkaline phosphatase positive
cells:acid phosphatase positive cells were cal-
culated for both BMT and non-BMT groups.
When the BMT group was compared with
the non-BMT group, the acid phosphatase
cells:CD68 cells ratio was lower in BMT
patients (p < 0-01), the alkaline phosphatase
positive cells:CD68 positive cells ratio was
also lower in BMT patients (<0-01), and the
alkaline phosphatase positive cells:acid phos-
phatase positive cells ratio was similar in the
two groups. This means that after BMT
either acid phosphatase and alkaline phos-
phatase positive cells decrease in number or
CD68 positive cells increase, or a combina-
tion of the two changes occurs.

Only three BMT marrows had a
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Figure 4 CD68 positive cells in a BMT recipient.
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Figure 2 Stromal cell
percentage values
compared with marrow
cellularity.
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Stromal cells afterBMT

Figure S Acid
phosphatase positive cells
in a non-transplant subject
who had died suddenly. *._c.. ;........*,
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haemopoietic cellularity comparable with that

of the normal cases on which to try to answer

this question. For CD68 positive cells, two of

the BMT cases fell within the normal range

while one was higher than normal. For alka-

line phosphatase positive cells, one BMT case

just reached normal values with the other two

cases considerably lower. Acid phosphatase

positive cells in the BMT cases were also

either lower than the normal range or at the

bottom end of it. Therefore, our results sug-

gest a combination of a rise in absolute num-

bers of CD68 positive cells and a decrease in

the other two stromal cell types. It is tempt-

ing to postulate that AL-RC and acid phos-

phatase cells are most important for

supporting haemopoiesis and that their
reduction after BMT contributes to depres-
sion of haemopoiesis, while CD68 positive
cells include macrophages with a wide variety
of functions, and that these are increased in

response to marrow damage.

Discussion
This study shows that bone marrow stromal

cell changes after marrow transplantation dif-

fer from those seen in marrow haemopoietic

and lymphoid cells.

An interesting discovery was the difference

in AL-RG:GD68 ratio (0-35-0-52) in our

study, using intact normal human marrow,

compared with the ratio found in long term
bone marrow cultures (LTBMC). In

LTBMC without high dose irradiation, the

proportion of each stromal cell type varies

between cultures established from different

cell suspensions, but generally is around

60-90% macrophage-like, with the remain-
der being "large undefined cells", 62% of

which are alkaline phosphatase positive.' This
would give an AL-RC:gD68 ratio of

(0T06-0.24) which is considerably less than
we found in intact marrow. This may well

reflect a difference in the suitability of the

culture conditions for the two cell types.

It might be predicted that the stroma

- -wo t he mbli ed ef of then
underlying disease, the treatment required to
achieve leukaemic remission, the pre-trans-
plant conditioning agents, and any post-
transplant problems, such as GvHD.
The underlying disease of most of these

patients was acute myeloid leukaemia
(AML). Previous work, using the same stain-
ing techniques, has shown that the number of
bone marrow macrophages seems to be nor-
mal while AL-RC numbers are increased in
patients with untreated AML.6 LTBMC evi-
dence from patients treated for AML with the
"Bart's III" induction regimen and consolida-
tion chemotherapy of thioguanine and
cyclophosphamide but no BMT, indicates
abnormalities of the stromal cells.7 Patients in
unmaintained complete remission, who had
received no chemotherapy in the preceding
five years, showed impaired granulocyte-
macrophage progenitor cell generation associ-
ated with a failure of the stromal cell cultures
to grow to confluence (colony stimulating
factors were not studied). Most patients in
our study received transplantations in first
remission for AML and so are clinically simi-
lar to the patients studied by Chang,7
although they had received chemotherapy
within the previous five years. Other work on
LTBMC-adherent cells8 showed high resis-
tance to methotrexate. At drug levels which
reduced myelopoiesis, adherent cells prolifer-
ated and continued to produce colony stimu-
lating activity. Only at exceptionally high
levels (10-3M) did the adherent cell layer fail
to support the growth of fresh haemopoietic
cells (in vivo toxic plasma concentrations of
methotrexate are about 10-8M).

Radiation is frequently used as part of the
pre-transplant conditioning and it is known
from the large volume of work on LTBMC
that stromal cells show greater radioresistance
than haemopoietic and lymphoid cells. In cul-
ture a small percentage (less than 5%) can
survive extremely high doses of irradiation
(500 Gy) and still produce haemopoietic
growth factors.9 The adherent cells after this
treatment are a heterogeneous population
with two cell types predominating: "a
macrophage-like cell and a large flat cell ... a
'blanket' cell". Most show characteristics typ-
ical of macrophages (56% phagocytic, 85%
acid phosphatase positive, 65% non-specific
esterase positive), with 4% alkaline phos-
phatase positive and 0% factor VIII related
antigen positive. If these data are compared
with those of Kincade et al,5 high dose irradia-
tion does not seem to have a significant quali-
tative effect on the in vitro adherent cell
population.
Much less is known about the in vivo

effects of clinical treatment. Stromal damage,
including oedema, fibrosis, and the formation
of granulomata, has been noted early after
BMT'0 1 and following treatment for
leukaemia.12 13 In mice receiving marrow
transplants (parent to Fl hybrid), GvHD has
been implicated in the stromal damage. 14
None of these studies, however, has investi-
gated the stromal cell types believed to be
important for haemopoiesis. In our study
stromal changes, such as sinus ectasia, inter-
stitial haemorrhage, increased fibrous tissue,
multivacuolated adipocytes, and increased
pyknotic cells, were apparent after BMT but
did not correlate with any clinical features.
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An important point to remember when inter-
preting our work is that it relies on necropsy

material and it is possible that patients who
die after BMT do not exhibit the same stro-
mal changes as those who survive.

The macrophage-like and AL-RC cells
described in the present work are equivalent
to cells present in the adherent layer in
LTBMC and seem to be relatively undam-
aged by radiation, chemotherapy, and bone
marrow transplantation. Normal haemo-
poiesis, however, also involves accessory cell
function from the non-adherent layer. This
seems to reside in the T cell population and
on Fc receptor positive marrow cells, which
may represent a subset of natural killer cells.3
Previous work on the same group of patients
used in this study has documented the num-
ber of immune cells using a wide variety of
antisera. The numbers of marrow T and B
lymphocytes were reduced after BMT, while
the number of natural killer cells detected by
the antibody HNK1 did not change."5 Thus
any haemopoietic stimulatory function resid-
ing in T cells would be predicted to be
impaired in these patients.

Therefore, depressed haemopoiesis after
BMT seems to reflect problems with the
incoming haemopoietic cells which may be
exacerbated by reduction in the accessory
function normally provided by T lymphocytes
and AL-RC. Total macrophage numbers are

not reduced, but there may be a reduction in
certain subtypes, such as that detected by
acid phosphatase, which could be a subtype
particularly relevant for supporting haemo-
poiesis. It must be remembered that even if
the numbers of macrophages are normal,
their interaction with donor stem cells may be
influenced by histocompatibility differences
and so be impaired early after transplanta-
tion, when many macrophages may be of host
origin.
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