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Abstract

There are multiple immune defects in T cells from recipients
after bone marrow transplantation (BMT). This study exam-
ines recipient T cells for increases in intracellular ionized cal-
cium concentration ([Ca2+Ji) after binding the T cell receptor-
CD3complex with anti-CD3 MAb.

PBL from 10 of 23 short-term recipients (< 1 yr after
BMT) responded poorly (< 35%of control) to anti-CD3 stimu-
lation and PBL from 9 of 23 had blunted calcium flux re-
sponses (35-70% of control). Purified CD2', CD56- cells from
seven additional short-term recipients including three autolo-
gous marrow recipients were closely examined, and a sizable
proportion of CD3' cells from six of seven recipients did not
increase [Ca2+Ji after anti-CD3 stimulation. The decreased
magnitude of the responses was due to decreased numbers of
responding cells and not to a decrease in mean CD3fluorescent
intensity or in calcium flux responses on a single cell basis.
Five of seven long-term recipients (> 1 yr after BMT) had
PBL that responded normally and two of seven had PBL with
blunted calcium flux responses.

The data show that the signal transduction response me-
diated by the CD3-antigen receptor as measured by calcium
flux is defective early after autologus or allogeneic BMT. (J.
Clin. Invest. 1990. 86:1347-1351.) Key words: bone marrow
transplantation * T cell receptor * calcium flux * anti-CD3

Introduction

Bone marrow transplantation (BMT)' is effective treatment
for hematologic malignancies or aplastic anemia (1). There are
multiple defects in the activation, differentiation, and prolifer-
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1. Abbreviations used in this paper: Ara-C, cytosine arabinoside; BMT,
bone marrow transplantation; cGVHD, chronic graft-versus-host dis-
ease; CSA, cyclosporin A; CY, cyclophosphamide; MCW,Medical
College of Wisconsin; SRBC, sheep red blood cells; TCR, T cell recep-
tor; WSU, Wayne State University.

ation of T and B cells from marrow recipients after BMT
(reviewed in reference 2). The molecular mechanisms respon-
sible for these defects have not been elucidated. Previous stud-
ies suggest that a key defect may be the inability of recipient T
cells to respond to triggering by antigen. An essential step in
signal transmission from the cell surface to the cytosol is an
increase in intracellular ionized calcium concentration
([Ca2+]i) after membrane stimulation. The changes in [Ca2+]i
in single cells of a defined phenotype can be assessed by using
indo-l and flow cytometry (3, 4). This study addresses the
question of whether the binding of anti-CD3 antibodies to
CD3 molecules and the T cell receptor complex (TCR-CD3
complex) of T cells from marrow recipients can induce normal
increases in [Ca2+],. To perform these studies, we used the
anti-CD3 MAb 38.1 to stimulate recipient T cells (5). Our
results show impaired calcium flux in both short- and long-
term recipients; however, a greater proportion of short-term
recipients had T cells that did not respond to anti-CD3. The
results suggest that time is needed for the recovery of calcium
flux responses in recipient T cells even in recipients who re-
ceived autologous marrow grafts.

Methods

Patient population. 37 marrow recipients were included in this study.
All 26 of 37 recipients at the Medical College of Wisconsin (MCW)
received T cell-depleted allogeneic marrow grafts treated with MAb
TIAB9 (IgM isotype) and complement to reduce T cells by 99% after
receiving cytosine arabinoside (Ara-C), cyclophosphamide (CY), ste-
roids, and fractionated total body irradiation (6, 7). 11 (8 allogeneic
and 3 autologous) marrow recipients received unmanipulated grafts at
Wayne State University (WSU) after conditioning with varying combi-
nations of busulfan, etoposide, Ara-C and CY (8, 9). The aplastic
anemia patients received only CY for conditioning. Postgrafting im-
munosuppression included cyclosporin A (CSA) at MCWand both
CSAand methylprednisolone at WSU. The diseases before BMTin-
cluded 3 aplastic anemia, 11 chronic myelogeneous leukemia, 8 acute
nonlymphocytic leukemia, 2 acute lymphocytic leukemia, I chronic
lymphocytic leukemia, 1 myelodysplastic syndrome, 9 lymphomas (2
Hodgkin's Disease and 7 non-Hodgkin's lymphoma), 1 brain tumor,
and 1 Ewing's sarcoma patients. Table I provides the clinical data on
the recipients at the time of study. Recipients < 1 yr after grafting are
considered short-term and recipients > 1 yr after grafting are consid-
ered long-term.

Cells and reagents. PBL were isolated from heparinized whole
blood by Ficoll-Hypaque density gradient centrifugation. The experi-
ments in Table II were done with T cells (E+) prepared by rosetting
with 2-aminoethylisothiouronium bromide (Sigma Chemical Co., St.
Louis, MO) treated sheep red blood cells (SRBC; BBL Microbiology
Systems, Hunt Valley, MD). All other experiments were performed
with PBL. Cells were suspended in RPMI 1640 containing 25 mM
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Table I. Summary of Recipient Characteristics

Characteristics <365 >365

d after transplant

No. of Recipients 30 7
Sex (M:F) 16:14 3:4
Age at transplant

Median (range) 33 (17-54) 25 (14-48)
Days after transplant

Median (range) 115 (32-257) 493 (375-942)
Donor

Autologous 3 0
Related, HLA-matched 18 6
Related, partially matched 2 1
HLA-matched, nonrelated 7 0

T cell depletion (Y:N) 21:9 5:2
cGVHD(Y:N) 15:15 4:3
Medication (Y:N) 18:12 4:3

Hepes, pH 7.4 (Gibco Laboratories Grand Island, NY) and 2% heat-
inactivated human AB serum (Pel-Freez, Brown Deer, WI). The cal-
cium ionophore, ionomycin (Calbiochem-Behring Corp., La Jolla,
CA) was dissolved in DMSOand used at dilutions from a 5 mg/ml
stock solution. The acetoxymethyl ester of indo- I (Molecular Probes,
Inc., Eugene, OR) was dissolved in DMSOand stored in the dark at
-20°C. Dr. Jeffrey A. Ledbetter (Oncogen, Seattle, WA) kindly pro-
vided 38.1, IgM isotype mouse anti-CD3 MAb. NKHl-RDl (phy-
coerythrin-conjugated anti-CD56) and T3-FITC (FITC-conjugated
anti-CD3) were purchased from Coulter Electronics (Hialeah, FL).

Intracellular ionized calcium assay. The procedure for the assessing
[Ca2+]J in single cells has been described (4). Briefly, cells were loaded
for 45 min with indo-l at a concentration of 10 ;g/ml. After loading,
the cells were washed, resuspended in fresh medium at 1 X 106/ml, and
stored in the dark at room temperature until analysis. Before each
assay, indo- 1-loaded cells were equilibrated at 37°C and analyzed by
flow cytometer (Coulter Electronics) at 200-400 cells/s. For each cell
analyzed, the ratio of violet to blue fluorescence was digitally calcu-
lated in real time. In the CD3+-enriched experiments (Table II), E+

cells were stained with anti-CD56 MAb(NKHI-RDI), washed, and
CD56' cells were electronically gated out by flow cytometer. The E+
cells were 86 to 98% CD3+ except in one case where they were
55% CD3+.

Results from indo-1 analyses were stored as "dot plots" in which
the yaxis represents the indo- I violet to blue fluorescence ratio and the
x-axis represents elapsed time. The "dot plots" are displayed as isomet-
ric plots, with the z-axis representing cell number. The isometric dis-
plays were also analyzed by programs that calculated the mean indo- I
violet to blue fluorescence ratio or the percentage of responding cells vs
time. The percentage of responding cells was calculated by subtracting
the baseline (prestimulation) data from the poststimulation data. After
subtracting the baseline data, the data of only positive cells were used
to calculate the mean indo-l violet to blue ratio of responding cells
(V/B). The V/B indicates calcium flux responses from only the re-
sponding cells. Statistical differences were examined by the Wilcoxon
rank sum test or the pooled two-sample t procedure.

Results

Calcium flux after 38.1 in normal PBL. While no change in
[Ca2+]i response was seen without stimulation during a 10-min
interval, there was a rapid rise in [Ca2+]i after binding 38.1 to T
cells in PBL (Fig. 1 A), in which 38.1 was added to cell suspen-
sion 1 min after starting the assay. The percentage of respond-
ing cells (RC%) and V/B were computed for each 15-s interval.
The peak of V/B occurred first and was followed by a gradual
increase of RC%.To analyze both variables, all data between 1
and 4 min after stimulation were pooled and recalculated. In
normal PBL, the average RC%was 46.9±9.2% (range
37.0-60.0%, n = 12) and the average V/B was 24.7±3.3 (range
20.1-30.6).

Calcium responses in PBL of short-term recipients. Unlike
normal PBL responses, most short-term recipients responded
poorly to activation with 38.1 as depicted in Fig. 1 B or Fig. 1
C. The mean RCoand V/B for PBL from short-term recipi-
ents were 22.1 ± 14.1% (range 1.9-56.5%, n = 23) and 24.7±3.2
(range 17.6-29.7), respectively. Fig. 2, A and B show the data
for studies using PBL of 23 short- and 7 long-term recipients.
There was a significant difference in RC%between the PBL of
short-term recipients and the PBL of normal controls (P

Table II. Calcium Flux Responses in Purified T Cells

CD3 (intensity) CD3 in E+,
pBMT E+ in E+ NKHI- RC V/B

d % % control

Normal 1 54 86.4 (118) 91.5 65.1 20.3
2 63 88.4 (123) 91.1 64.5 22.9

Allo 1 52 33 67.0 (114) 86.0 23.8 (36.7) 25.3
2 78 38 66.4 (113) 95.9 28.6 (44.1) 23.8
3 163 44 47.0 (122) 54.9 31.4 (48.4) 23.1
4 165 66 86.4 (111) 97.0 48.4 (74.8) 22.7

Auto 1 32 55 77.5 (115) 90.1 23.8 (36.7) 23.3
2 52 52 64.9 (109) 89.0 33.7 (52.0) 22.0
3 89 57 95.8 (116) 98.0 41.9 (64.6) 20.0

Two normal controls, four allogeneic recipients, and three autologous recipients were studied. E+ cells were separated from PBL by rosetting
with SRBCand stained with NKH1-RD I after indo- l loading. Those cells were tested for calcium flux responses by stimulation with 38.1 after
the CD56' cells were gated out. To confirm purity of the cell populations, E+ cells were stained with both T3-FITC and NKHI-RDl and ana-

lyzed in flow cytometer. %CD3in E+, NKHI - cells were calculated from the two-color analysis data. Fluorescence intensity data is derived
from logarithmic amplification.
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< 0.01), but not in the V/B of the two groups. Since there was a
range of impaired [Ca2+j] responses in the PBL from short-
term recipients, we defined percent control of RC%from
35-70% as "blunted" and < 35% as "poor" like Fig. 2 B. PBL
from 10 of 23 had poor [Ca2+]i responses and 9 of 23 had
blunted [Ca2+]i responses. Blunted calcium responses were due
to reductions in the number of responding cells. V/B was
nearly normal even when the RC%was low. Several recipients
had a small population of cells that showed high preexisting
[Ca2+]i before 38.1 activation. Ionomycin induced nearly nor-
mal calcium flux even in poorly responding cells from short-
term recipients.

Calcium responses in PBL of long-term recipients. As de-
picted in Fig. 1 D, the [Ca2+]i responses of PBL from 5 of 7
long-term recipients after 38.1 activation were nearly normal.
PBL from two long-term recipients had blunted [Ca2+]] re-
sponses. The mean RC%and V/B of long-term recipients were
50.8±12. 1% (range 28.9-61. 1%, n = 7) and 27.5±2.1 (range
23.7-29.7), respectively. There were no statistical differences
in both the RC%and the V/B between PBL of long-term recip-
ients and control subjects.

Correlation with clinicalfactors. Fig. 2, A and B present the
relationships between the presence or absence of chronic graft
versus host disease (cGVHD), the type of transplant and RC%.
A number of recipients with cGVHDwere studied while un-
dergoing immunosuppressive therapy for their cGVHD. In
some patients with cGVHD, the use of CSAand methylpred-
nisolone did not impair calcium flux responses. There were no
statistical correlations between the above mentioned variables.

Calcium responses in T cells of short-term recipients. The
defects seen in unfractionated PBL from marrow recipients
leave the following unanswered questions. (a) Are impaired
calcium flux responses related to a defective T cell receptor

Figure 1. Real time flow cytometric
analysis of indo-I-loaded PBL stim-
ulated with MAb38.1. Isometric
plots of the mean ratio of indo- 1 vi-
olet to blue fluorescence (propor-
tional to [Ca2"]i) (x-axis) versus
time (y-axis) versus number of cells
(z-axis) are shown. Cells were equili-
brated at 370C and analyzed at
200-400 cells/s. (A) Control PBL
with 5 zd ascites of 38.1 added at 1
min. (B) PBL of a short-term recipi-
ent with 38.1 added at 1 min. (C)
PBL of another short-term recipient
with 38.1 added at 1 min. (D) PBL
of a long-term recipient with 38.1
added at 1 min.

complex or a decreased number of circulating or responding
CD3+ cells? (b) Are the calcium flux defects due to allogeneic
effects? To address these questions, T cells (E+) from four
allogeneic and three autologgous short-term recipients were
tested (Table II). CD56+ cells were gated out electronically to
enrich CD3+ cells by deleting natural killer cells. Calcium flux
responses of T cells from both types of transplant recipients
were significantly lower than normal T cells (P < 0.01). Aver-
age RC%of four allogeneic, three autologous, and two normal
were 33.0+10.7, 33.1±9.0, and 64.8±0.4%, respectively.
When the RC%data are normalized, the calcium flux re-
sponses of autologous recipients were 51.0±16.6% of the con-
trol and calcium flux responses of allogeneic recipients were
51.1 ± 14.0% of the control. As a result, purified CD56- T cells
highly enriched for CD3+ cells showed impaired calcium flux
in this experiment. Finally, the mean CD3 fluorescence inten-
sity of CD3+ cells (Table II) was examined to determine if it
was responsible for poor responses. CD3 intensities of the
CD3+T cells from the seven allogeneic and autologous recipi-
ents (1 14+4, n = 7) were not significantly different from nor-
mal CD3+ cells (121±4, n = 2).

Discussion

T cell activation signals are usually initiated by the binding of a
ligand to either of two different cell surface molecules, the
TCR-CD3 complex or the CD2 receptor (10-12). The CD2
and CD3molecules are present on T cells (13), but CD2mole-
cules are also on natural killer cells ( 14). Therefore, CD3 acti-
vation is T cell specific, whereas CD2 activation is an antigen
independent alternative pathway (12, 15), which also exists in
natural killer cells. The binding of anti-CD3 MAb to the
TCR-CD3 complex increases [Ca2+],, a step essential for the
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Figure 2. (A) The percentage of responding cells (RC%) in PBL of
normal controls, short-term recipients and long-term recipients. The
data from 1 to 4 min after adding 5 ul ascites of 38.1 in each sample
were totaled. (B) The percent control of RC%in PBL from bone
marrow recipients. The data in each sample were normalized to the
control of the day. o, recipients of marrow grafts from HLA-matched
related doners; o, recipients of marrow grafts from HLA-partially
matched related donors or HLA-matched unrelated donors; solid
symbol shows the presence of cGVHD. The bars show the means± 1
SD.

activation and proliferation of T cells via the TCR-CD3 com-
plex (10, 16, 17).

To study the CD3pathway in marrow recipient T cells, we
used 38.1 to activate T cells and compared their calcium flux
responses with those of normal T cells. Since calcium flux is an
early event in the activation of T cells, examining the calcium
flux responses of recipient T cells after anti-CD3 stimulation
may provide insights into T cell maturation after BMT. This
investigation shows that the expression of CD3 molecules on
recipient T cells do not functionally correlate with the re-
sponses of the T cells to anti-CD3 antibodies. To confirm this
point, T cells from seven additional short-term recipients were
studied. The T cells from these patients had lower than normal
calcium flux responses, even after gating out natural killer cells
by staining with phycoerythrin-conjugated anti-CD56. Al-
though marrow recipients had slightly lower numbers of CD3

bearing T cells than normal controls (18), the decrease in the
proportions of responding T cells within the CD3+-enriched
populations was greater than the decrease in the numbers of
CD3' cells. Therefore, the presence of CD3 molecules does
not confer the ability to respond to anti-CD3 triggering in
calcium flux assays. Blunted [Ca2+]i responses were due to
reductions in the number of responding cells in the CD3' cell
populations. The data show that if lymphocytes could re-
spond, they would exhibit near normal or normal increases in
[Ca2"]i on single-cell basis even if the percentage of responding
T cells was low. Lymphocytes from some short-term recipients
showed increases of [Ca2+]i without anti-CD3 activation. This
latter observation suggests in vivo activation by clinical events
such as GVHDor related phenomena. However, there were no
correlations between clinical states such as acute or chronic
GVHDand high basal [Ca2J]i.

Studies of HIV- 1-infected CD4' cells showed that CD4'
cells failed to respond to anti-CD3 MAbbinding to the TCR
by increasing their [Ca2+]i (5). The findings in the short-term
recipients may be analogous to the HIV- 1 -infected CD4' cells;
that is, CD4' cells are present, but are not capable of respond-
ing to anti-CD3 stimulation. CD5 is the other important anti-
gen for T cell activation, especially for calcium flux response
(19). In an earlier study, PBL containing predominantly
CD3', CD5- cells from representative BMTrecipient failed to
respond after OKT3 stimulation; CD3', CD5- cells from the
patient produced IL 2 and mediated lectin-induced cytotoxic-
ity (20). It is also reported that T cells from some marrow
recipients had TCRy, 6 instead of TCRa, 3 (21). The inability
of T cells from marrow graft recipients to upregulate their
[Ca2+]i after TCR interaction with antigen may be a central
defect in the first 6 moafter BMT. This defect precedes a series
of critical T cell functions such as expression of IL 2 receptors
as well as IL 2 synthesis. These results help explain earlier
reports that show defective helper T cell function by purified
CD4' cells, impaired T cell-proliferative responses to antigens
and mitogens, and defective IL 2 synthesis (reviewed in refer-
ence 2). Future studies on the activation of the membrane
enzyme phospholipase C, coupling of Gprotein phospholipase
C, inositol triphosphate and diacylglycerol, and protein kinase
C (22), are needed to localize the step at which the T cell
defects occur in marrow graft recipients.

Since many clinical factors affect the process of immune
reconstitution, it is difficult to correlate calcium flux responses
with clinical states. In in vitro studies, cGVHDis associated
with delays in the recovery of helper T cell functions, prolifera-
tive responses, and lymphokine synthesis (2). Although the
numbers are small, PBL from long-term recipients with
cGVHDwho also received medication did not have defects in
calcium flux responses. These observations suggest that the
immune phenomena associated with cGVHDare not directly
linked to defects in TCR-CD3 activation with anti-CD3 anti-
bodies. Although the statistical analyses could not be done,
minor and major histocompatibility differences seemed to
augment impaired calcium responses.

Wedescribe a defect that is present early in the activational
process of recipient T cells. Such defects may account for why
T cells from short-term recipients can not be activated to pro-
liferate or synthesize critical lymphokines after stimulation.
One explanation for this abnormality is that the TCRon recip-
ient T cells may be "immature" or partially abnormal in its
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expression rendering the T cells unresponsive to anti-CD3
stimulation. Future studies are needed to determine whether
there are structural abnormalities in the TCRof recipient T
cells or if there are activation pathways that are defective in the
membrane signaling process.
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