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ABsTRACT Infection is a frequent cause of death in
patients receiving bone marrow transplants. Although lym-
phocyte dysfunction has been observed in a few such pa-
tients, no systematic study of neutrophil function has
yet been reported. Neutrophil chemotaxis was evaluated
by a ®Cr-radioassay after bone marrow transplantation
in 34 patients with acute leukemia or aplastic anemia.
The response to a chemotactic stimulus (C5a) was se-
verely depressed (< 35% of normal) in 18 patients,
moderately depressed (35-659 of normal) in an addi-
tional 6, and normal in 10 subjects. The mean response
in the absence of graft vs. host disease and antithymo-
cyte globulin administration was 73.3+9.29, (SE) in
contrast to 29.7%9.6% (P < 0.01) in patients with graft
vs. host disease treated with antithymocyte globulin.
Both graft vs. host disease and antithymocyte globulin
were implicated since the presence of either factor alone
was associated with depressed chemotaxis (31.1+4.99,
for graft vs. host disease, P < 0.01; 17.0+7.89, for anti-
thymocyte globulin, P < 0.02). When normal neutro-
phils were incubated with antithymocyte globulin in
vitro, their chemotactic response was markedly sup-
pressed in the absence of a cytotoxic effect. Transplant
patients with defective chemotaxis experienced signifi-
cantly more infections than those with normal chemo-
taxis, and analysis of specific etiologic agents showed
that this was predominantly related to bacterial patho-
gens. Chemotactic inhibitors were detected in the sera
of seven patients and elevated IgE levels were found in
nine subjects, eight of whom had graft vs. host disease.
Generation of chemotactic activity by endotoxin acti-
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vation of serum was reduced in five patients. The re-
sults demonstrate a severe defect in neutrophil chemo-
taxis in some bone marrow transplant patients and sug-
gest that neutrophil dysfunction may predispose to in-
fection in such patients.

INTRODUCTION

Bone marrow transplantation is being employed with
increasing frequency in the management of acute leuke-
mia and aplastic anemia (for review see 1). Although
steady improvement in results has been achieved, a
number of problems continue to limit long-term suc-
cess. Among the most frequent causes of morbidity and
mortality in these patients are graft vs. host disease
(GVHD)" (2) and severe infections with a variety of
bacterial, viral, fungal, and protozoal organisms (2-4).

The factors responsible for the high incidence of in-
fections are poorly understood at present. During the
early postgrafting period, granulocytopenia is undoubt-
edly a major factor, since successful engraftment as de-
fined by an absolute granulocyte count of 500/mm® or
greater does not usually occur for 2-4 wk (1). The use
of immunosuppressive drugs (1) may also increase sus-
ceptibility to infection. A marked increase in mortality
from infection has been noted in marrow transplant
patients who develop severe GVHD (2), suggesting the
possibility of compromised host defense mechanisms in
this group in particular. Studies of both human and ca-
nine marrow graft recipients have demonstrated de-
creased immunologic responsiveness which is particu-
larly prominent in the early postgrafting period (5-8).
Granulocyte function has not been systematically evalu-
ated in bone marrow transplant patients, although nor-

* Abbreviations used in this paper: ATG, antithymocyte
globulin; GVHD, graft vs. host disease; PMN, polymorpho-
nuclear leukocyte.
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mal granulocyte iodination and nitroblue tetrazolium
reduction were reported in canine marrow graft recipi-
ents (7).

In an attempt to determine whether granulocyte dys-
function may contribute to the increased susceptibility to
infection in marrow transplant patients, polymorphonu-
clear leukocyte (PMN) chemotaxis was evaluated after
34 marrow grafts in patients with leukemia or aplastic
anemia. A marked decrease in chemotactic responses was
observed in a large proportion of these patients. The re-
lationship of this defect to a number of clinical param-
eters including GVHD and the administration of antithy-
mocyte globulin (ATG) was also examined.

METHODS

Study population. Between November 1973 and August
1975, studies were performed after 34 marrow transplants
(see Table I) in 33 patients, 1 individual receiving a repeat
graft after recurrence of leukemia (see Table I, numbers 5
and 29). 12 patients had aplastic anemia, 10 had acute lym-
phocytic leukemia, 10 had acute myelocytic leukemia, and 1
had chronic myelocytic leukemia in blast crisis. The patients’
ages ranged from 2 to 49 yr (mean 19) and 19 were males.
Transplants were performed on 1 patient in 1971, 3 in 1973,
20 in 1974, and 10 in 1975. Patients were studied from 22
to 1,149 days after transplantation, with a median of 66
days. Serial studies of chemotaxis were performed in 14
patients, and a total of 67 studies were done in the entire
group of 33 patients.

TaBLE I
PMN Chemotactic Responses
Days PMN Days PMN
Diag-  Study since chemo- Diag- Study since  chemo-
Patient* Age Sex nosis} day§ GVHD| ATGY taxis** | Patient* Age Sex nosist day§ GVHD| ATGY taxis**
Group A
1 16 F AA 86 III 29 2 21 29 M AML 136 0 —_ 42
2 6 F AA 49 0 53 3 199 (1] —_ 59
3 27 M AA 64 III 10 5 22 21 M ALL 72 1] — 53
4 2 M AML 92 III —_ 6 177 0 — 51
5 20 F ALL 25 111 2 4 23 9 M ALL 406 I1IC — 34
31 III 3 8 413 IIIC — 74
6 3 M AA 24 I —_ 7 414 IIIC — 49
7 31 F AML 42 III 2 11 421 IIIC —_ 35
8 49 M AML 52 v 3 13 426 I1IC —_ 75
9 8 M AML 42 111 8 18 431 I1IC — 37
10 30 M AML 52 v —_ 31 431 IIIC — 24
80 v 18 5 440 IIIC — 94
11 4 F AA 22 V] 26 18 905 IIIC —_ 62
12 13 F AA 42 II 3 21 919 IIIC — 48
13 17 M AA 49 11 — 22 24 16 M AA 827 V] —_ 42
57 III 1 7 864 0 — 49
91 III 30 33 906 0 —_ 41
238 IvC 116 28 934 0 - 94
14 11 M ALL 71 II 32 22 990 0 —_ 121
15 30 M AML 87 III 51 41 1,025 (V] — 47
136 II1 100 15 1,149 o — 75
143 111 107 19

16 9 F AML 80 I 15 30 Group C
17 32 F AA 42 1I —_ 30 25 9 M ALL 22 0 — 65
8¢ Il 33 26 15 M ALL 4 1 — 67
18 49 M AML 49 III 10 31 27 8 F ALL 31 0 - 71
28 3 F  AA 64 0 — 98
Group B 92 0 - 70
19 10 M ALL 110 V] —_ 37 29 20 F ALL 511 (V] >400 102
161 ] — 42 30 5 F ALL 62 III 29 104
407 IIIC — 39 90 111 47 107
20 35 M AA 388 IIIC >200 51 31 30 F AML 49 I — 110
396 I1IC — 20 32 14 F AA 30 0 _ 118
437 IIIC —_ 40 33 18 F CML, BC 52 I —_ 100
563 11IC —_ 51 178 (V] — 140
34 4 M ALL 87 II 4 129

* Patients indicated by number in order of increasing average chemotactic response. Patient 5 and 29 are the same individual after two separate marrow
transplants (see Methods). The consecutive numbers used for convenience in this study correspond to the unique patient identification numbers cited in
other publications from this center as follows: 1 = 374, 2 = 503, 3 = 341, 4 = 338,5 =272,6 =512, 7 = 506, 8 = 358, 9 = 331, 10 = 392, 11 = 399,
12 = 394, 13 = 330, 14 = 500, 15 = 377, 16 = 386, 17 = 366, 18 = 393, 19 = 329, 20 = 294, 21 = 325, 22 = 334, 23 = 274, 24 = 114, 25 =359,
26 = 347, 27 = 339, 28 = 335, 29 = 272, 30 = 350, 31 = 353, 32 = 349, 33 = 336, and 34 = 365.

1 AA, aplastic anemia; AML, acute myelocytic leukemia; ALL, acute lymphocytic leukemia; CML, BC, chronic myelocytic leukemia in blast crisis.

§ Days after transplantation.

Il Graft vs. host disease graded 0, I, II, III, and IV as described (2, 13). C indicates chronic GVHD.

9 Days since most recent administration of antithymocyte globulin; dash (—) indicates no ATG administered.

** Chemotaxis data expressed as percent of concomitantly studied normal control.
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Patient management. The technique for performing bone
marrow transplantation has been described in detail (1,
9-11). Transplants were done between HLA identical sib-
lings whose lymphocytes were nonreactive in mixed leuko-
cyte culture, or in one instance (Table I, number 27) be-
tween identical twins. Pregraft preparation in patients with
leukemia consisted of cyclophosphamide and total body ir-
radiation (1, 10). Most patients with aplastic anemia were
prepared with cyclophosphamide alone (1, 11), but four
(Table I, numbers 1, 2, 3, and 11) received in addition pro-
carbazine and ATG (12). After marrow infusion patients
were supported with platelet and erythrocyte transfusions,
and granulocyte transfusions were given in some instances
for treatment of bacterial infection occurring before success-
ful engraftment. All patients except the identical twin
received methotrexate 15 mg/M. on day 1 after trans-
plantation and then 10 mg/M: on day 3, 6, 11, and weekly
until day 100.

Many patients developed some manifestations of GVHD
during the post-transplantation course. This was graded in
severity from I to IV on the basis of previously defined
clinical and histologic criteria (2, 13). GVHD persisting
for more than 3 mo or developing beyond 100 days post-
transplantation was termed chronic GVHD (2). Most pa-
tients with Grade II-IV and one patient with Grade I
GVHD were treated with ATG raised in rabbits, goats, or
horses and given in a dose of 7 mg/kg every other day
for six doses as previously described (14). For purposes
of analysis, patients with no evidence of GVHD were
grouped together with those having minimal disease with
skin involvement only (Grade I) and compared to those hav-
ing more advanced disease (Grade II-IV) as in previous re-
ports (2). Most patients experienced one or more episodes
of infection during the postgrafting period. These were
treated aggressively with appropriate antimicrobial agents
and supportive care. Chemotaxis was studied predominantly
during noninfected periods. Some subjects were studied
during active infection, although none was severely ill with
sepsis or shock. Patient 2 had bacteremia 2 days before and
again 5 days after study. During the course of the study,
18 patients died at an average of 139 days (range 29-370,
median 92) after transplantation or 80 days (range 3-298,
median 38) after evaluation of chemotaxis. The average
follow-up period in the 15 patients who are still alive was
581 days (range 180-1,584, median 484) after transplanta-
tion or 428 days (range 156-757, median 435) after evalua-
tion of chemotaxis.

Chemotaxis technigue. PMN chemotaxis was evaluated
by a previously described in vitro method employing *Cr-
labeled neutrophils and a two-filter Boyden chamber system
(15) which will be summarized briefly. Leukocytes were
harvested from heparinized blood by dextran sedimentation
and hypotonic lysis of erythrocytes. The washed leukocytes
were labeled with Nas ®CrO,; (New England Nuclear, Bos-
ton, Mass., 200-500 wxCi/ug Cr), washed and suspended in
Gey’s medium (Microbiological Associates, Bethesda, Md.)
at 2.3 X 10° PMNs/ml (purity 80-90% granulocytes). PMN
suspensions were placed in the upper compartment of stan-
dard plexiglass Boyden chemotaxis chambers (Ahlco Sci-
entific, Granby, Conn.) and were separated from the chem-
otactic stimulus in the lower compartment by two nitro-
cellulose micropore filters with an average pore size of 3 um
(Sartorius Membranfilter, Gottingen, W. Germany). After
a 3-h incubation period, the amount of radioactivity in the
lower filter was determined by counting in a Packard Auto-
Gamma scintillation counter (Packard Instrument Co., Inc.,
Downers Grove, Ill.). It has been shown that under these

conditions only granulocytes migrate into the lower filter
(15). After adjusting for variability in specific activity and
granulocyte uptake of ®Cr, chemotaxis was expressed as
corrected counts per minute in the lower filter (15).

The chemotactic stimuli employed were (@) partially
purified human C5a generated by endotoxin activation of
serum, eluted from Sephadex G-75 (Pharmacia Fine Chem-
icals, Inc., Piscataway, N. J.) and characterized by heat
stability, molecular weight (15,000), and inhibition by goat
antihuman C5 (16) and (b) endotoxin (Escherichia coli
0127:B8 lipopolysaccharide B, Difco Laboratories, Detroit,
Mich.) activated whole human serum (17). Patients’ cells
and serum were always studied concomitantly with cells and
serum from one or more normal individuals. For nine of the
patients (Table I, numbers 5, 13, 19, 20, 22, 24, 27, 28, and
29), the bone marrow graft donor sibling was employed for
a normal control, while in the remainder healthy laboratory
personnel of both sexes ranging in age from 18 to 48 yr
were used. According to the experimental protocol normal
and patient PMNs were tested against a buffer negative
control (gelatin veronal buffer) (17), C5a, and endotoxin
activated normal and patient serum. Each condition was
examined in quadruplicate chemotaxis chambers, and the
mean response of patient cells expressed as a percent of
the mean response of normal cells. The chemotactic activity
of patient serum was compared to normal serum in similar
fashion.

The possibility of chemotactic inhibitors in the patient’s
serum was evaluated by comparing the response of normal
PMNs suspended in Gey’s medium containing 10% patient
serum to the response of the same normal PMNs suspended
in Gey’s medium containing 10% normal serum (17). Serum
immunoglobulin E levels were measured by radioimmuno-
assay in a commercial laboratory (Bio-Science Labora-
tories, Van Nuys, Calif.). All other hematological, chemi-
cal, microbiological, and histological studies were performed
by standard techniques in the hospital diagnostic laboratories.

The in vitro effect of ATG on chemotaxis was examined
by suspending normal neutrophils in Gey’s medium con-
taining various dilutions of ATG. After a 10-min pre-incu-
bation at 37°C, these suspensions were placed in chemo-
taxis chambers and their response to CS5a determined. In
experiments designed to differentiate between a direct
effect of ATG on the neutrophil as opposed to an effect on
the chemotactic factor, the PMN suspensions were centri-
fuged, washed free of ATG, and resuspended in fresh Gey’s
medium before placement in the chemotaxis chambers. Neu-
trophil cytotoxic activity of ATG was evaluated by incu-
bating suspensions of highly purified (Ficoll-Hypaque gra-
dient method, see 15, 17) normal *Cr-labeled neutrophils
(2.3 X 10° PMNs/ml) in Gey’s medium containing various
dilutions of ATG for 60 min at 37°C. After centrifugation
(300 g for 10 min), release of *Cr was determined by
measuring counts per minute in the supernates and compar-
ing the experimental values with negative (no ATG) and
positive (1% Triton X-100, Sigma Chemical Co., St.
Louis, Mo.) controls. ATG was prepared in rabbits (Batch
17) and goats (Batch 8) as described (14); horse ATG
(Lot 17,900) was obtained through the courtesy of the
Upjohn Co., Kalamazoo, Mich. Protein concentration was
comparable in the three lots (approximately 50 mg/ml), and
potent immunosuppressive activity was confirmed by assays
of lymphocytotoxicity, hemagglutination, and monkey skin
graft survival (14).

Statistics. Standard error was used throughout as an
estimate of variance and means were compared by use of
the ¢ test. As reported previously (15), the variability in
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the chemotaxis technique is such that the use of quadrupli-
cate chambers results in standard errors which average
approximately 10% of the mean. Values of less than 65-70%
of the normal control were significantly reduced in nearly
all instances, while those above this level were not. Non-
parametric data were compared by the chi-square method
or the Fisher exact test.

RESULTS

PMN chemotactic responses. Table I lists the pa-
tients and their chemotaxis results in order of increasing
average PMN chemotactic response. Selected clinical
parameters are also tabulated. For purposes of analysis
the patients are divided into three groups: Group A
(patients 1-18), PMN chemotactic response severely de-
pressed (< 35% of normal) ; Group B (patients 19-24),
PMN chemotactic responses moderately depressed (35-
659 of normal) ; and Group C (patients 25-34), PMN
chemotaxis not significantly reduced (> 65% of nor-
mal). The values for patients in Groups A and B were
significantly reduced from normal (with P <0.01 in
most instances), except for 1 of 10 studies in patient 23
and 3 of 7 studies in patient 24 with P values > 0.05.
Thus, defects in the PMN chemotactic response to C5a
were observed in approximately three-fourths (24 of 34)
of all the bone marrow transplant recipients studied.

As detailed in Table I, 14 patients were studied on
more than one occasion. Findings remained relatively
constant with the exception of isolated patients whose
clinical features changed dramatically between studies.
Some of these are discussed in a later section as they
relate to GVHD and therapy with ATG. Little change
was noted in patients 15, 20, 21, 22, 28, 30, and 33. Pa-
tient 23 was studied on 10 separate occasions, with sig-
nificantly reduced migration being observed in all but one
experiment. In patient 24 the first three studies were per-
formed during a period of 3 mo when he experienced two
bouts of bacterial pneumonia (Streptococcus pneumoniae
and Hemophilus influenzae) ; all showed decreased chem-
otactic responses. Subsequently, the chemotaxis values in-
creased to normal levels, and infections ceased to be a
problem.

Correlation of chemotaxis with clinical parameters.
A number of important clinical features of the patients
were examined to determine which factors might be as-
sociated with the depressed PMN chemotactic response.
There was a tendency for better PMN chemotactic re-
sponses in patients with acute lymphocytic leukemia
relative to those with either aplastic anemia (0.05 <P <
0.1) or acute myelocytic leukemia (P < 0.05). Age did
not appear to be a determinant of the chemotactic re-
sponse since no significant differences were noted among
Groups A, B, and C (mean age 19.8+3.5, 20.024.3, and
15.5+3.1 yr, respectively). Females relatively outnum-
bered males in the normal chemotaxis group, but the
average response of all female patients did not differ

significantly from that of the male patients. Elapsed
time since marrow infusion was comparable in Groups
A and C (median 58 and 68 days, respectively), although
an apparently chance accumulation of longer term pa-
tients was noted in Group B.

Absolute granulocyte counts at the time of study va-
ried widely. Patients with very low counts due to de-
layed engraftment could not be studied. Only five sub-
jects (numbers 2, 3, 4, 7, and 11) had values less than
1,000/mm®, while two had markedly elevated values
(17,800 and 20,930 in patients 8 and 30, respectively).
The mean absolute granulocyte count was lower in Group
A (3,132%930) than in either Group B (5,015%1,265)
or C (5,358+1,783), but with the wide variability this
did not prove to be significant. Abnormal liver function
tests (serum bilirubin and hepatic enzymes) were ob-
served more frequently in Groups A and B than in
Group C, primarily because these abnormalities were
present in patients with GVHD (see below). Tests of
renal function (blood urea nitrogen and serum creati-
nine) were normal in all subjects.

Serum IgE levels were determined since a number of
patients with recurrent infections, defective PMN chemo-
taxis, and hyperimmunoglobulinemia E have been re-
ported (18-22). Normal values (< 300 U/ml) were ob-
served in most patients, but elevated levels were pres-
ent in nine individuals (six in Group A, two in Group B,
and one in Group C). In six of these, values were be-
tween 600 and 900 U/ml, but more marked elevations
were noted in patients 4, 5, and 15 (1,050, 3,379, and
1,051 U/ml, respectively), all of whom had severely de-
pressed chemotaxis. The hyperimmunoglobulinemia E
may be related to GVHD since eight of the nine pa-
tients with elevated levels had Grade III-IV GVHD
and three of four patients with chronic GVHD had
high IgE levels.

The possible contribution of drugs to the chemotaxis
results was examined carefully. All patients studied
within 100 days of marrow infusion (except for the 1
identical twin, patient 27) were receiving weekly metho-
trexate; this included 17 of 24 with decreased PMN
chemotaxis (Groups A and B) and 8 of 10 with normal
chemotaxis (not significant). The 10 patients receiving
prednisone (2.5-60 mg daily, mean 30 mg) were evenly
distributed in Groups A, B, and C (3, 3, and 4 patients,
respectively). 19 patients were receiving one or more
systemic antimicrobial agents at the time of at least one
chemotaxis study; these drugs included cephalosporins,
gentamicin, carbenicillin, penicillins, amphotericin B,
and pentamidine isethionate. PMN chemotactic responses
did not correlate with administration of any of these
agents.

In analyzing the relationship between chemotactic re-
sponses and the occurrence of infections, only well-
documented infections developing in spite of an absolute

Chemotaxis in Marrow Transplant Patients 25



granulocyte count greater than 1,000/mm® were consid-
ered. Specific infections are tabulated for the different
patient groups in Table II. Infections occurred in 22 of
24 patients with defective chemotaxis (Groups A and B)
and in 6 of 10 with normal chemotaxis (P = 0.043,
Fisher exact test). It is evident from Table II that many
patients experienced multiple infections with a total of
70 distinct episodes in all. The mean number of infections
per patient was 2.46 in Group A and B combined and
only 1.10 in Group C (P <0.05, ¢ test). Bacterial in-
fections were observed in 16 of the 24 Group A and B
patients and in 3 of 10 Group C patients (P = 0.048,
Fisher exact test). Bacterial infections per patient av-
eraged 1.54 in patients with diminished chemotaxis
(Groups A and B combined) as opposed to only 0.30
in those with normal chemotaxis (P < 0.05, ¢ test). Al-
though septicemia was also much more frequent in the 24
Group A and B patients (14 episodes in 10 patients)
than in the 10 Group C patients (1 episode), this dif-
ference did not prove to be significant (P = 0.068, Fisher
exact test; 0.05 < P < 0.1, ¢ test). Bacterial pneumonia
(10 episodes in six patients) and meningitis (2 episodes)

occurred exclusively in patients with depressed chemo-
tactic responses. A total of 20 cases of bilateral inter-
stitial pneumonia (3) were observed, 5 due to cyto-
megalovirus, 2 due to varicella-zoster, 4 due to Prneumo-
cystis carinii, and 9 of unproven etiology. These 20 in-
fections occurred in 13 Group A and B patients (14
infections) and 5 Group C patients (6 infections), (dif-
ference not significant). Of 13 proven viral infections,
10 were seen in 8 different Group A and B patients and
3 in Group C patients (not significant). All four cases
of disseminated fungal infection occurred in Group A and
B patients, although this was not a statistically signifi-
cant finding. The differences in infections described
could not be attributed to differences in follow-up, since
the period of observation was similar in all groups (see
Methods). Death due to infection (mostly interstitial
pneumonia) occurred in 13 patients with depressed
chemotaxis and in 4 patients with normal chemotaxis.
Thus, defective chemotaxis in these patients was asso-
ciated with an increased incidence of serious infections
caused predominantly by bacterial pathogens. Fungi may
possibly be implicated as well, but the incidence of viral

TasBLE 11
Infections Relative to Chemotactic Responses

Patients*

Type of infection

Group A (1 to 18)

Group B (19 to 24)  Group C (25 to 34)

26

Bacterial
Septicemia 1,224 3,4,4,7,9,12§], 12§, 15,15 19], 20 34
Pneumonia (nonbacteremic) 13, 15, 18% 20, 20, 20, 24, 24
Other sinopulmonary 3,6,13, 13, 15, 15, 18 19, 20, 20, 24
Cellulitis or abscess 6, 8,8 23 30
Urinary tract 31
Interstitial pneumonia
Unknown etiology 41, 71, 81, 104, 12, 16, 18} 31, 33
Pneumocystis carinii 141 25, 261, 30t
Cytomegalovirus 1}, 3%, 8t, 91, 15
Varicella-zoster | 5t 33t
Other viral
Varicella-zoster 3 34
Herpes simplex 10, 15 25
Hepatitis 17
Fungal
Aspergillosis 5%, 14%
Candidiasis 1} 211

* Numbers correspond to patients as listed in Table I. Multiple listings of the same number indicate multiple separate
infections in the same patient. Diagnostic criteria for these infections have been previously discussed (3, 4).
1 Infection considered to be a major immediate cause of death. Fatal infections noted in patients 4 and 21 were asso-

ciated with leukemic relapse.

§ Bacteremia associated with pneumonia.
|| Bacteremia associated with meningitis.
9 Extrapulmonary infection also present in all cases.
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Ficure 1 Neutrophil chemotactic responses as a function
of the presence of GVHD and the administration of ATG.
Each point represents the average response for a single
patient. In the case of patients who changed from one cate-
gory to another between serial chemotaxis studies, the aver-
age response for each appropriate category is depicted. Hori-
zontal bars indicate the means for each category. All values
below the dotted line are significantly reduced from nor-
mal, while those above are not.

infections and interstitial pneumonia did not correlate
with chemotactic responses.

Defective PMN chemotaxis showed striking correla-
tions with GVHD and the recent administration of ATG.
Grade II-IV GVHD was present at the time of study
in 14 of 18 Group A patients, 3 of 6 Group B patients,
and 2 of 10 Group C patients (P < 0.01, 3 X 2 chi-square
test). Patients having received ATG within 100 days
preceding the study (average 22+6 days) were concen-
trated in Group A (16 of 18 subjects). In contrast, none
of 6 in Group B and 2 of 10 in Group C had been so
treated (P < 0.01, 3 X 2 chi-square test) ; the remaining
patients had received either no ATG or in two instances
had been treated a long interval before study (> 200
days in patient 20 and > 450 days in patient 29). Se-
verely reduced chemotactic responses therefore occurred

predominantly in patients with Grade II-IV GVHD or
recent ATG therapy or both. In fact, all but one pa-
tient (number 6) in Group A had one or both of these
risk factors present, while 8 of the 10 patients with nor-
mal chemotaxis (Group C) had neither of these factors
present. Since GVHD and ATG were generally associ-
ated, attempts were made to examine them separately.
Fig. 1 illustrates the chemotactic responses as a func-
tion of GVHD and ATG administration. Some patients
appear more than once in Fig. 1 since these individuals
changed from one diagnostic category to another between
serial chemotaxis studies.

The mean PMN chemotactic response in patients with
neither GVHD nor recent administration of ATG was
73.3%£9.29,. 9 of these 13 patients were not significantly
reduced from normal and only one (patient 6) was se-
verely depressed. This latter patient did, in fact, have
mild GVHD (Grade I and thus was placed in the non-
GVHD group) when studied, and 18 days later devel-
oped progressively severe (Grade III) GVHD. In 15
patients with Grade II-IV GVHD treated with ATG,
the mean chemotactic response was 29.7+9.69, (P <
0.01 vs. non-GVHD, non-ATG group, ¢ test), and the
median was 209%. 13 in this category were in the se-
verely depressed chemotaxis group, and normal responses
were seen in the remaining 2. Both GVHD and ATG
administration were implicated since the presence of
either factor alone was associated with chemotactic re-
sponses significantly less than those in patients with
neither factor present. Thus, the response in GVHD
patients not treated with ATG averaged 31.1+4.9%
(P <0.01) in eight subjects. The effect of ATG in the
absence of Grade II-IV GVHD was examined in a small
group of three patients, two of whom (numbers 2 and
11) received ATG as part of their pregraft preparation,
and one (number 16) who was treated for early Grade
I GVHD. The mean response in these three patients was
17.0+7.8 (P <0.02).?

Serial chemotaxis studies in some patients were of in-
terest in assessing the role of GVHD and ATG. Pa-
tient 10 with Grade IV GVHD had responses before
and 18 days after treatment with ATG of 31 and 5%,
respectively. Patient 13 had a response of 229 in the
presence of GVHD; this decreased to 7% one day after
ATG, although subsequent values 30 and 116 days after
ATG were 33 and 289, respectively. On the other hand,
patient 17 with GVHD had nearly identical chemotaxis
values of 30 and 319, before and 3 days after ATG.
In patient 19 (who received no ATG), values of 37 and

2QOne identical twin (patient 27) received a syngeneic
graft and was thus not at risk for GVHD; this patient had
normal chemotaxis. Since initial submission of the manu-
script, three additional twins with syngeneic grafts have
been evaluated and found to have normal PMN chemotaxis
(95.1, 78.4, and 71.5%).
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429, were seen before GVHD, and 399, after developing
chronic GVHD. Interestingly, patient 29 was doing well
13 yr after transplantation and had normal chemotaxis
(1029, ), but after leukemic relapse and a repeat trans-
plant (new patient number 5), developed GVHD, was
given ATG, and on two occasions had severely reduced
PMN chemotaxis (4 and 8%,).

In vitro effect of ATG. Further evidence for a sup-
pressive effect of ATG on chemotaxis was obtained by
treating normal PMNs with ATG in vitro. A potent in-
hibitory effect was observed (see Fig. 2). The highest
dilutions showing significant inhibition were 1:4,000,
1:1,000 and 1: 100 for the rabbit, horse, and goat prepa-
rations, respectively. Normal rabbit serum at dilutions
of 1:100 or 1: 1,000 had no inhibitory effect. This inhibi-
tion by ATG was not attributable to reversal of the
chemotactic gradient or to chemotactic deactivation, since
ATG was also inhibitory when mixed with the chemo-
tactic factor, and when ATG alone was placed in the
lower compartment no chemotactic activity was detected.
Using a 1:100 dilution of rabbit ATG the chemotactic
inhibitory effect was not reversible by washing and re-
suspending the PMNs in fresh medium (mean inhibitory
activity with and without washing 94.5 and 95.99, re-
spectively). Thus, the inhibition appeared to be due to a
direct effect of ATG on the PMNs rather than an inacti-
vation of the chemotactic attractant. Absorption of rabbit
ATG with three serial changes of normal human PMNs
resulted in a final supernate which caused 64.09 inhibi-
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Ficure 2 In vitro effect of ATG on PMN chemotaxis.
The chemotactic response to C5a of normal PMNs sus-
pended in various dilutions of ATG was determined. Data
are expressed as percent inhibition relative to control PMN
suspensions containing no ATG. Each point represents the
mean of three to five separate experiments.

tion of chemotaxis compared to 96.59% inhibition
by control ATG carried through identical processing
except for omission of the PMNs (P < 0.02). This par-
tial absorption of inhibitory activity by neutrophils is
compatible with the presence of antineutrophil antibody
in the ATG. The chemotactic inhibitory activity did not
appear to result from a cytotoxic effect of ATG on the
neutrophils ; using the same conditions as those employed
in the chemotaxis assay (see Methods), neither rabbit,
horse, nor goat ATG in dilutions of 1:100 or 1:1,000
caused any release of ®Cr above negative control values.

Serum chemotactic activity and inhibitors. The PMN
chemotactic activity generated by activation of patients’
serum with endotoxin was not significantly reduced from
normal in all but five subjects (numbers 1, 8, 20, 25, and
30). Activity in these five sera ranged from 13 to 55%
of normal. Serum chemotactic activity did not show sig-
nificant correlation with PMN chemotactic responses or
with the clinical parameters examined, although four of
the five patients had GVHD and three had received
ATG.

Chemotactic inhibitory activity was detected in serum
from seven patients (numbers 6, 12, 13, 14, 20, 23, and
28), while serum from all other patients was not sig-
nificantly inhibitory. Migration was inhibited from 60
to 909, when the cells in the upper compartment of the
chemotaxis chamber were suspended in these seven sera
as compared to normal control sera. This inhibitory ef-
fect was not due to reversal of the chemotactic factor
gradient, since nonactivated serum in the lower chamber
compartment exhibited a level of chemotactic activity
in these seven sera which was equivalent to that of nor-
mal control sera. Although 6 of these 7 patients also had
reduced chemotactic responses of their PMNs, it ap-
peared that a defective cellular response could not be at-
tributed to a serum inhibitor in the majority of cases
since 18 of the 24 patients with depressed PMN chemo-
taxis did not have detectable inhibitory activity. Of the
seven patients with inhibitors only three had received
recent ATG. Chronic GVHD was associated with es-
pecially potent serum chemotactic inhibitors in three of
the four patients with this disorder (numbers 13, 20, and
23).

DISCUSSION

The studies demonstrate defective neutrophil chemotaxis
in some patients after bone marrow transplantation. In
this group of 34 marrow graft recipients, abnormal
chemotaxis was found in 24 instances, and this defect
was clearly correlated with the presence of GVHD, the
administration' of ATG, and a markedly increased in-
cidence of infections. Separate analysis of the effect of
GVHD or ATG suggested that each may be acting in-
dependently to suppress chemotactic responses. However,
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in the majority of instances both factors were present,
since the primary use of ATG is in the therapy of
GVHD. There was a tendency for better PMN chemo-
tactic responses in patients with acute lymphocytic leu-
kemia as compared to those with aplastic anemia or
acute myelocytic leukemia. No correlation was seen with
age, sex, time since transplantation, granulocyte counts,
or drug therapy. It should be noted that marrow trans-
plant patients tend to have extremely complex clinical
courses with multiple interrelated problems and it is
often difficult to determine which factors are primary
and which are secondary.

A markedly increased incidence of infections has been
previously noted in patients with GVHD. In 61 marrow
transplant patients from this institution, fatal infections
were observed in 26 of 36 with severe GVHD, but in
only 4 of 25 with minimal or no GVHD (2). The known
depression of immunologic reactivity (5-8) was pro-
posed as an explanation for this observation. The cur-
rent results suggest that dysfunction of phagocytic cells
such as neutrophils may be important as well. The basis
for impaired neutrophil chemotaxis in GVHD remains
unknown.

Because of the high incidence of fatal GVHD in mar-
row graft recipients the use of ATG has recently been
advocated for the treatment of established GVHD (14).
Although this has favorably modified the graft vs. host
reaction, many treated patients develop fatal infections,
particularly viral interstitial pneumonitis (14). Admin-
istration of ATG to renal transplant patients has been
associated with an increased incidence of infections due
primarily to bacterial pathogens (23). Lymphocytes from
ATG treated patients do not react to allogeneic cells in
mixed leukocyte cultures due in part to a plasma in-
hibitor which may persist for weeks after discontinuing
ATG (14). One of the toxic effects observed with ATG
was the development of myelosuppression with granulo-
cytopenia in a small proportion of patients (14). A
slight decrease in neutrophil bactericidal capacity has
been reported in ATG treated kidney allograft recipients
(24). The current study raises the possibility that ATG
treatment may have deleterious effects on mneutrophil
chemotaxis.

The mechanism of interference with PMN chemotaxis
by ATG has not been determined. However, the in vitro
demonstration of a direct suppressive effect of ATG on
chemotaxis of normal PMNs suggests that this ma-
terial could have a similar effect in vivo. Interestingly,
ATG employed under conditions which markedly sup-
pressed PMN chemotaxis had no detectable cytotoxic
effect on PMNs as judged by a ®Cr-release assay. ATG
is a globulin fraction from the serum of animals immu-
nized with human thymus (14) and may contain anti-
bodies with specificity or cross-reacting activity against

cells other than thymocytes or lymphocytes, e.g. neutro-
phils. If this were the case, the potential for PMN dys-
function might be abrogated by absorption with neutro-
phils. Indeed, significant reduction in chemotactic in-
hibitory activity was achieved by absorbing ATG with
normal PMNs; however, the partial nature of this re-
duction under the conditions employed suggests the
presence of both absorbable and nonabsorbable inhibi-
tors. Absorption with erythrocytes has been proposed to
avoid the hemolytic anemia seen in some ATG treated
patients (14). Unfortunately, absorption might also re-
duce the immunosuppressive properties of ATG.

Factors in addition to GVHD and ATG administration
could well be involved in the diminished chemotactic re-
sponse. Although no other specific factors were identi-
fied, the finding of depressed chemotaxis in a limited
number of patients without GVHD or ATG adminis-
tration supports such a possibility. Furthermore, the
presence of both GVHD and ATG treatment was not
invariably associated with defective chemotaxis since 2
of 15 such patients had normal migration.

In most patients a cellular abnormality was implicated
as the basis for defective PMN chemotaxis. In some
subjects the neutrophils may have been damaged in situ
by a humoral agent such as an antineutrophil component
of ATG. However, serum inhibitors of chemotaxis were
detected in only 6 of 24 patients with diminished PMN
migration and in 1 with a normal response. Hyperim-
munoglobulinemia E was noted primarily in patients
with GVHD. The role of this abnormality in the chemo-
tactic defect remains unknown, although the levels ob-
served were not as markedly elevated as in most of the
patients described with high IgE and depressed PMN
chemotaxis (18-22). Serum chemotactic activity was
decreased in 5 of 34 patients. A similar serum defect has
been described in a single marrow transplant patient
(8) ; the decreased serum opsonic activity also observed
in this patient appeared to be related to a serum inhibitor
of opsonization.

Numerous examples of an increased incidence of in-
fections in patients with chemotactic abnormalities have
been described (for reviews see 25-27). The patients
in the current series with decreased PMN chemotaxis
had a marked and statistically significant increase in in-
cidence of infections relative to those with normal PMN
responses. Bacterial infections including septicemia,
meningitis, cellulitis, abscesses, pneumonitis, and other
sinopulmonary infections were primarily responsible.
In contrast, viral infections and interstitial pneumonia
occurred with equal frequency in patients with decreased
or normal chemotaxis. The data suggest that neutrophil
dysfunction may be at least partially responsible for the
high incidence of bacterial and possibly fungal infections
in bone marrow transplant patients, particularly those
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with GVHD. It has been shown that infection itself may
in some instances depress the PMN chemotactic response
(28-31). This effect may be of particular significance in
severely ill patients with toxic neutrophils (28), a find-
ing not encountered at the time of study in our patients.
Several other reports have noted a consistent enhance-
ment of PMN chemotaxis in most patients with acute
pyogenic infections (32-34). The latter studies dealt
primarily with children and young adults, an age range
similar to that of the marrow transplant patients evalu-
ated in the current report.

The findings reported here may have implications for
the management of bone marrow transplant patients.
Even after engraftment with the appearance of normal
numbers of blood granulocytes, serious and recurrent
infections remain a major risk. Suspected infection must
be treated vigorously, especially in patients who have
manifestations of GVHD or who have been treated with
ATG. Although the use of ATG has proven to be valu-
able in suppressing the graft vs. host response (14), the
high incidence of infections in ATG-treated patients
(14, 23), together with the current results demonstrating
suppression of PMN chemotaxis, suggest the need for
continued evaluation of improved means for preparing
and administering this agent. Finally, the use of granu-
locyte transfusions in the treatment of infections should
be considered not only in granulocytopenic patients, but
also in those who may have neutrophil dysfunction.
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