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Serum Amyloid A

EVIDENCE FOR ITS ORIGIN IN POLYMORPHONUCLEAR LEUKOCYTES

C. JUuLIAN ROSENTHAL and LEE SULLIVAN, Division of Hematology-Oncology,
Department of Medicine, Downstate Medical Center, State University of

New York, Brooklyn, New York 11203

ABSTRACT In this study the presence of an amyloid
A, antigenically related material was determined in four
subpopulations of human leukocytes. Monocytes,
granulocytes, thymus-derived lymphocytes, and bone
marrow-derived and null lymphocytes were isolated
from the peripheral blood of five apparently normal
subjects, two patients with secondary amyloidosis,
three patients with acute infections, and seven patients
with metastatic cancer. Mononuclear leukocytes, iso-
lated from the interface of a Ficoll-Hypaque gradient,
were separated into monocytes, thymus-derived
lymphocytes, and bone marrow-derived plus null
lymphocytes by glass adherence and depletion of sheep
erythrocyte rosette-forming lymphocytes. Granulocytes
were isolated by sedimentation in 2% methyl cellulose
from the erythrocyte-rich pellet formed at the bottom of
the Ficoll-Hypaque gradient. The four isolated leuko-
cyte subpopulations were cultured and, at varying
intervals, the amyloid A content of the culture medium
and of sonicated, 2 x 10°cells was determined by radio-
immunoassay. Our results indicated a 2-14 times
greater amount of amyloid A-related material in the
sonicated granulocytes compared with the individuals’
serum amyloid A levels. The mononuclear subpopula-
tions showed a low or negligible amyloid A content.
The amount of amyloid A antigenic material was further
found to increase in cultured granulocytes, reaching a
peak value between the 16th and 30th h of culture.
The granulocytes of only two out of eight individuals
tested released amyloid A antigenically related material
into the culture medium. This release was found to be
blocked by the presence of colchicine, vincristine,
puromycin, or cycloheximide in the culture medium.
In contrast, only the presence of puromycin or cyclo-
heximide was shown to significantly inhibit the intra-
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cellular increase of amyloid A in the cultured
granulocytes. Thus, it appears that among the circulat-
ing blood cells, the granulocytes produce amyloid A
antigenically related material and could release it
under conditions that remain to be further defined.

INTRODUCTION

Despite recent progress in understanding the intricate
nature of amyloid, very little is known about the origin
of the amyloid A (AA)! protein, one of the two major
components of the amyloid fibrils (1), which is mainly
found in patients with secondary amyloidosis and
amyloidosis associated with familial mediterranean
fever. Using an antibody produced against the alkali-
degraded AA protein, an antigenically related com-
ponent, serum amyloid A, (SAA) has been detected in
human serum (2, 3) and a subunit of this component
has been isolated and characterized (4-6). With the use
of a radioimmunoassay (7), SAA has been found to be
elevated in patients with chronic and acute inflamma-
tory processes as well as in many cases of metastatic
neoplastic disease (3, 7-9). These data, as well as those
generated by studies on experimental amyloidosis in
mammals (10, 11), have suggested that SAA might be
produced by reticuloendothelial cells (11-13). How-
ever, recent studies by Watanabe et al. (14) have shown
that AA antigenically related material is found in plasma
cells and in the Kupfer cells of the liver. Linder et al.
(15) have also demonstrated the presence of SAA anti-
genically related material in the loose connection tissue
of human fetuses and in human fetal fibroblasts as part
of the 10-nm intermediate size filaments of the cyto-
plasmic cytoskeleton. These data cannot satisfactorily
explain the variations of the SAA level in some patho-
logic conditions (16). Furthermore, previous observa-
tions have indicated that bone marrow-derived (B)

! Abbreviations used in this paper: AA, amyloid A; PMN,
polymorphonuclear; PMN AA, PMN AA antigenic material;
SAA, serum AA.
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lymphocyte abnormalities play an important role in the
formation of casein-induced amyloid (17). In view of
these findings we attempted to determine the presence
of AA antigenically related material in various cell
populations isolated from human blood and to establish
its variations in short-term cultures of the same
populations. Herein we report evidence that poly-
morphonuclear leukocytes are the only peripheral
blood cells that contain significant amounts of this
material and most likely produce and release it in the
serum.

METHODS

Determinations of the SAA content of various subpopula-
tions of circulating leukocytes. Four subpopulations of
leukocytes—thymus-derived (T) lymphocytes, B and null
lymphocytes, monocytes, and polymorphonuclear (PMN)
leukocytes—were isolated from 60 ml of heparinized blood
from five normal individuals, ages 25-40 yr and 12 patients
with high SAA levels. Among these 12 patients, 2 suffered
from chronic inflammatory disorders and secondary amyloido-
sis, 7 had metastatic neoplasia, and the remaining 3 had acute
inflammatory processes. The blood was applied to a Ficoll-
Hypaque gradient (Ficoll, Pharmacia Fine Chemicals,
Piscataway, N. J.; Hypaque, Winthrop Laboratories, Sterling
Drug, Inc., New York) (18) and centrifuged to yield a mono-
nuclear cell population at the interface and a PMN and
erythrocyte-rich population at the bottom. PMN leukocytes
were then separated from the erythrocyte population by
sedimentation in 2% methyl cellulose and alpha medium
(Flow Lab. Limited, Irvine, Ayrshire, Scotland). The mono-
cytes were first separated from the isolated mononuclear cells
by adherence to the wall of polystyrene sterile flasks. After 1 h
incubation at 37°C, the nonadherent lymphocytes were dis-
carded and the monocytes detached from the flask with a rubber
policeman (19). The nonadherent T lymphocytes were
separated from B and null lymphocytes in another Ficoll-
Hypaque gradient after formation of T sheep erythrocyte
rosettes (20). All the peripheral blood cell subpopulations thus
separated were thoroughly washed and then suspended in
0.15 M phosphate-buffered saline (pH 7.2) at the concentra-
tion of 2 x 108 cells/ml. The leukocytes were tested for viability
by the trypan blue exclusion technique and used for further
studies only if viable cells amounted to >95%. The cells, in
10 X 75-mm tubes, were subsequently disrupted by sonica-
tion for 2 min with a Branson sonicator (Heat Systems-Ultra-
sonics, Inc., Plainview, N. Y.). The amount of AA-related
antigen, contained in the suspensions of various sonicated
leukocyte subpopulations and in the corresponding serum of
the individuals studied, was determined by a radioimmuno-
assay technique previously reported in detail (7). The results
are expressed in nanograms per milliliter of AA-equivalent
antigen.

To assess the possible distortion of these results as a result of
binding of circulating SAA to some of the leukocyte sub-
populations, we also determined their ability to bind in vitro
pure SAA obtained (6) from two patients with secondary
amyloidosis.

Kinetics of the SAA content of various leukocyte subpopula-
tions in culture and those of its release. Cultures were
established with each of the separated leukocyte subpopula-
tions from six different patients with elevated SAA levels and
two normal individuals. After appropriate washing in 0.15 M
phosphate-buffered saline, 2 x 10° B or T lymphocytes were
suspended in 2 ml RPMI 1640 medium with 15% fetal calf
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serum and antibiotics (100 um of penicillin and 50 pg of
streptomycin per ml) and cultured in sterile plastic tubes
(Falcon Plastics, Div. of BioRad, Oxnard, Calif.) at 37°C in a
5% CO, atmosphere. The monocytes adherent to the wall of
polystyrene 25-ml sterile plastic flasks were maintained in
culture with 10 ml of identical medium for 10 x 10¢
adherent cells. PMN leukocytes were incubated in a medium
(McCoy 5A, RPMI 1640, or 199 [Grand Island Biological Co.,
Grand Island, N. Y.] with 15% fetal calf serum and
antibiotics) at a cell concentration of 2 x 10® per 2 ml of
medium per tube and maintained in a 7.5% CO, atmos-
phere. The cultures were interrupted at various time intervals,
usually every 4 h, for 72 h for the PMN leukocytes and every
12 h for 7 days for the monocyte and lymphocyte subpopula-
tions. The amount of antigenically related AA protein in the
supernate and in the sonicated-cell pellet of each cell
population as well as in appropriate controls, was determined
in triplicates at each time interval.

The AA content of sonicated PMN leukocytes and their
supernates, obtained from eight subjects, was also determined
after adding to separate culture tubes the protein synthesis
inhibitors, puromycin (Sigma Chemical Co., St. Louis, Mo.),
0.1 pg/ml, or cycloheximide (Sigma Chemical Co.), 10 ug/ml,
as well as 0.2 ug/ml of vincristine (Eli Lilly & Co., Indianapolis,
Ind.), vinblastine (Eli Lilly & Co.), or colchicine (Eli Lilly &
Co.), known antitubulin agents. The concentration of these
various substances was chosen after preliminary experiments
had established for each agent the concentration causing
maximal decrease of the intracellular AA level without
increased cytotoxicity.

RESULTS

SAA content of leukocyte subpopulations. The
PMN leukocytes, from all patients and normal individ-
uals tested, contained a significant amount of AA anti-
genically related material as shown on Fig. 1. The AA
content of the PMN leukocytes correlated with the level
of SAA in the corresponding sera. The ratio between
PMN AA antigenic material (PMN AA) and SAA varied
between 2 and 14 with a mean of 6. The amount of
PMN AA was found to vary in direct proportion with
that of the SAA (Table I). These parameters were
determined sequentially before, during, and after an
acute inflammatory process as well as in patients with
partial short-lasting remissions of disseminated neo-
plastic disease. On a few occasions in which AA was
found in lymphocytes and monocytes, in a concentra-
tion above the minimal level discernible by radioim-
munoassay (40 ng/ml), the ratio of lymphocyte AA
antigenic material or monocyte AA antigenic material
over SAA was significantly under one. One exception of
note was the monocyte population of a patient (GN)
with metastatic carcinoma of the lung and chronic
osteoarthritis, which contained an amount of AA
antigenically related material equal to that of his PMN
leukocytes (Fig. 1). However, this discordant result
could be explained by the presence of 24% bands
(young PMN leukocytes) among the patient’s peripheral
leukocytes which separated in the Ficoll-Hypaque
gradient with the monocyte subpopulation.
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FIGURE 1 AA antigenically related material in various leukocyte subpopulations. Each group of
bars represents the levels of cell subpopulations from the same individual marked by initials
along the abscissa. The first 12 groups of results are from patients with moderate or high SAA levels.
The last two groups belong to two of the five normal subjects tested who had normal SAA levels
(the results of the other three normal individuals not depicted on the graph had the identical

pattern and proportions as the ones presented).

To establish the validity of the previous results it
was necessary to eliminate the possibility that the
increased level of AA-related material after the disrup-
tion of PMN leukocytes may have been an artifact
caused by the interference of active leukocytic enzymes
with the formation of the antigen antibody complex in
the radioimmunoassay. For this purpose the AA level of
the sonicated granulocyte suspensions was determined
before and after their boiling for-10 min at 100°C, be-
cause it has previously been reported, by us (7) and
others (3, 4), that the AA protein is not degraded by
boiling, whereas most of the leukocytic enzymes are
inactivated at 100°C. The high levels of AA antigeni-
cally related material of the sonicated PMN leukocyte
suspensions remained unchanged after boiling. Bind-
ing experiments were then performed to eliminate the
possibility that high PMN AA levels may have been

caused by tight binding of circulating SAA to PMN
leukocytes (Table II). These experiments showed
that only T lymphocytes and monocytes consistently
retained radioactive material, having two to three times
more counts per minute than the inert latex particles
used as control. The PMN leukocyte pellet gave radio-
activity counts equal to that of the control latex particles.
The percentage of radioactivity retained by the PMN
leukocyte pellets was found to be the same (=5%)
irrespective of the SAA level of the subjects from whom
granulocytes were obtained (Table II). Also when, in
the in vitro binding experiments, we added an amount
of cold SAA 10 times greater than that of the radioactive
SAA, the percentage of radioactivity retained by the cell
pellet of T lymphocytes and monocytes had decreased
to =5%, whereas no change was noted in the percentage
of radioactivity retained by PMN leukocytes and by B

TABLE I
SAA-PMN AA Interrelation

Subjects PMN AA SAA R* PMN AA SAA R PMN AA SAA R
ngiml AA eq ngiml AA eq ngiml AA eq
CB 8,250 2,500 33 1,670 465 3.6 (14) 1,300 420 3.1(35)
MD 3,600 500 7.2 1,900 275 6.9(21) 3,200 425 7.5(49)
CC 4,750 950 5.0 6,075 1,350 4.5(21) 4,475 860 5.2 (49)
CL 1,625 650 2.5 5,250 2,500 2.1(21) 900 310 2.9(42)
PT 6,300 1,500 4.2 2,750 650 4.2(14) 12,250 2,500 4.9(15)

The numbers in parentheses indicate for each patient the number of days between the
first and subsequent determinations of SAA and PMN AA. CB and MD are patients with
intermittently active rheumatoid arthritis; CC, CL, and PT are patients with disseminated
neoplastic disease who had short-lasting, partial remissions.

* R = ratio of PMN AA:SAA.

Origin of Serum Amyloid A in Polymorphonuclear Leukocytes
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TaBLE II
SAA Binding to Various Leukocyte Subpopulations

In the pellet of:

B + null Latex
Subjects SAA level PMN Tlymphs lymphs Monocytes particles
ng/ml % cpm
EP 40 5.02 16.76 4.2 15.20 5.1
MW 875 438 13.5 7.07 14.1 4.8
SP 1,350 5.18 144 5.5 17.75 4.9
JB 2,500 4.59 15.54 3.7 13.85 4.7
Mean 489 15.02 5.11 15.2 4.87

The above percentage values represent the amount of
1'?5.SSA retained by various leukocyte subpopulations sep-
arated from the peripheral blood of a normal subject (EP)
and of three patients with elevated SAA levels (MW, SP,
JB), as well as by control inert latex particles (diam 1.101
wum, Dow Flow Corning Corp., Midland, Md.). 2 x 108 cells of
each of the separated leukocyte subpopulations and 2 x 107
latex particles were incubated for 1 h at 37°C with 1-2 ul of a
1 mg/ml solution of the radioactively labeled (21) pure SAA
carrying 75,000 cpm. They were subsequently separated by
centrifugation (400 g X 15 min) from the supernatant medium,
and their radioactivity was determined in a gamma counter.

and null lymphocytes. These results eliminate the
possibility that the lack of SAA binding to granulocytes
was a result of previous saturation of their receptor
sites with circulating SAA, and ruled out SAA binding
as a primary cause of the high intracellular content of
AA antigenically related material by granulocytes.

Finally, when pure SAA was added to various leuko-
cyte subpopulations before sonication, no significant
degradation of SAA was detected by radioimmunoassay
when the sonicated lysates were frozen within 15 min
nor after they were thawed and kept at 37°C up to 2 hr.
These conditions have been respected throughout the
entire study; they eliminate the possibility that the low
AA content of monocytes and lymphocytes was because
of its more rapid degradation by these cells than by
granulocytes.

Kinetics of SAA content of cultured leukocyte sub-
populations and its release in the culture medium.
AA antigenically related material was not present in the
culture medium of T lymphocytes, B and null cells, or
in the medium bathing the adherent monocytes. When
it was found in the sonicated lysate of T lymphocytes
and monocytes, it was always in very small amounts
(<150 ng/ml in 2 x 10¢ cells); this level never increased
in these cells when they were maintained in cultures
for time intervals up to 7 days. In contrast, the PMN
leukocytes maintained for up to 72 h in 199, McCoy, or
RPMI 1640 medium with 15% fetal calf serum, ap-
peared to contain an increasing amount of AA antigeni-
cally related material starting in the 6th h of incubation.
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This increase reached a peak that varied for the eight
individuals tested between the 16th and 30th h and was
followed by a subsequent fall in the level of AA anti-
genically related material that correlated well with the
increasing percentage of nonviable leukocytes (Fig. 2).
When the level of AA antigenic material was determined
in the granulocyte culture media, two patterns were
noted (Fig. 2). In the cultures of two patients with high
SAA levels and high content of PMN AA, there was a
moderate increase of the AA antigenically related
material in the medium followed by a rapid fall that
closely matched the variations of the AA content of the
PMN leukocytes. In contrast, this increase in AA was
not found in the media of PMN cultures from the other
six cases studied.

The influence of protein synthesis inhibitors and
antitubulin agents on the AA content of granulocytes
was also analyzed; in the granulocyte cultures contain-
ing 0.1 ug/ml of puromycin or 10 ug/ml of cyclohexi-
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mide, the expected increase of the intracellular AA
antigenic material was inhibited by 40-80% between
the 16th and 30th h of incubation (Table III). Vincristine
and colchicine in concentrations between 2 and 200 ng/
ml blocked the release of AA from the granulocytes of
the only two subjects in whom this release occurred
spontaneously, but decreased by only 20-48% the
intracellular AA content of PMN leukocytes in culture.
Vinblastine did not have any significant influence on
the AA level of the supernate or sonicated material.

DISCUSSION

The data presented above clearly indicate that PMN
leukocytes are the only subpopulation of cells from the
peripheral blood that contains a significant amount of
AA antigenically related material. Although it is con-
ceivable that this material could be phagocytized from
the serum, the lack of binding of I'2>-SAA by these cells,
the above described kinetic studies, and the inhibitory
effect of puromycin and cycloheximide indirectly
demonstrated that this AA antigenically related material
is likely synthesized by the PMN leukocytes. As seen
in two out of eight short-term granulocyte cultures,
under certain conditions which remain to be defined

better, this AA antigenically related material is released
into the culture medium.

The kinetic studies also revealed that the events
accompanying PMN leukocyte death lead to the de-
gradation of PMN AA material (Fig. 2), or at least of a
fragment with identical antigenicity as that of tissue AA
and SAA, making it undetectable by radioimmunoassay
when the percentage of dead granulocytes was >50%.

An active role of PMN leukocytes in the production
of the AA precursor would be consistent with some
observations made by us (7, 16) and others (22) concern-
ing a close correlation between the leukocyte count and
the rise of the SAA level in patients with acute (7, 16)
and some chronic (22) inflammatory processes as well
as in those with chronic myelocytic leukemia (23).
However, as we reported elsewhere (23), in many
pathologic conditions (i.e., neoplastic diseases, acute
myelocytic leukemia, rheumatoid arthritis, etc.) the
increase of the SAA level was usually much higher than
that of the PMN leukocyte count, suggesting either an
absolute increase in the production of SAA by leuko-
cytes or the existence of a supplemental source of SAA.

The inhibition of colchicine and vincristine of the
occasional spontaneous release in vitro of the AA pre-
cursor from the PMN leukocytes (Table III) could

TaBLE 111
Effect of Protein Synthesis Inhibitors and Antitubulin Agents on the PMN AA Intracellular Level and on
Its Release in the Culture Medium

PMN AA from eight granulocyte cultures identified by the donors’ initials

J. 0. P.P

J.T. R. O. D.K. A H. H. B. F.
Substances added to cultures (i.c)* (i.c.) (i.c.) (i.c.) (i.c.) (i.c.) i.c rm.} i.c. r.m.

ng/ml

None (control) 290 600 508 895 515 193 280 175 2,020 320

Puromyecin, 0.1 ug/ml 120 265 310 ND§ ND <40 105 <40 820 <40

(41) (44) (61) (21) (37) (23) (41) (12)

Cycloheximide, 10 uwg/ml 110 90 216 ND ND 82 55 40 650 <40

(38) (13) (42) (42) (20) (23) (32) (12)

Vincristine, 0.2 pg/ml ND ND ND 470 410 167 177 55 1,550 <40

(52)  (80) (86) (63) (31) (77) (12)

Colchicine, 0.2 pug/ml ND ND 415 450 215 156 103 40 1,525 55

(82) (50) (42) (81) (37) (23) (75) (17)

Vinblastine, 0.2 ug/ml ND ND ND 1,075 605 175 211 125 1,900 280

(120) (117) (91) (75) (71) (94) (87)

The numbers in parentheses express the percentage of PMN AA found in the sonicated lysates (i.c.) or in the corresponding
medium (r.m.) of cultures in which the agents indicated in the left column were added. The PMN AA values were determined
at intervals corresponding to the time at which a maximum amount of PMN AA was found in the control culture. Each
percentage was calculated from the amount in the respective control.

* i.c. = intracellular.

{ r.m. = released in medium.

§ ND = not determined.

Origin of Serum Amyloid A in Polymorphonuclear Leukocytes 1185



explain the previously reported blockade by colchicine
of casein-induced amyloidosis in mice (24, 25). This
observation could also explain the favorable results
obtained with colchicine therapy in a few cases of
Familial Mediterranean Fever with amyloidosis (26)
and in some cases of primary amyloidosis (27).

The occasional presence of minimal amounts of AA
antigenically related material in the T lymphocyte and
monocyte subpopulations (Fig. 1) could have resulted
from the binding of serum AA to their membranes or
lysosomal particles. Contamination of the B and null
cell subpopulations and of the monocytes with occa-
sional young PMN leukocytes could have also led to
similar results for the respective cell subpopulations.

The foregoing observations do not preclude the
existence of other tissue sites capable of synthesizing
the precursor of AA protein and leave certain questions
unanswered with regard to the synthesis and release of
the AA precursor by PMN leukocytes. For example, In
what conditions does it occur and what triggers it?
Nevertheless, the present study clearly indicates that
PMN leukocytes play a major role in the metabolism of
this protein.
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