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Inhibition in vive of Reticulo-Endothelial Phagocytosis by Synthetic

Polyamino Acids.*
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We reported(l) that administration of
synthetic polylysine (PL) to mice significant-
ly depressed formation of antibodies for
sheep red cells. This effect was not mediated
by damage to lymphoid tissues, nor did it
depend on direct interaction of PL with anti-
gens of the red cell surface, since sheep red
cells treated iz vitro with PL prior to injec-
tion into mice induced antibody formation at
least as well as did untreated red cells. In
view of the low molecular weight (approxi-
mately 2,600) and the small total effective
dose (less than 2 mg per mouse), it was also
unlikely that storage of the compound in
reticulo-endothelial (r.e.) cells produced a
“blocking” effect. The possibility was con-
sidered that the diminished antibody re-
sponse may have resulted from an inhibition
of phagocytosis of red cells by r.e. cells. This
paper presents experimental evidence for such
an effect of PL as well as of synthetic poly-
glutamic acid (PG). A preliminary report of
some of these findings has been made(2).

Materials and methods. Animals. Healthy,
3 to 5 months old mice, raised in our labora-
tory from inbred strains BALB/c/S, C3H/S,
ASW/S, and DBA/S, and F; mice derived
from the inbred strains, were used.

Polyamino acids. Polylysine hydrochloride
and polyglutamic acid were kindly made
available by the Kremers Urban Co., Mil-
waukee. Both polyamino acids were stated
to have average chain lengths of 20. Stock
solutions of 1% polyamino acid in 0.9%
NaCl were adjusted to pH 7 with dilute
NaOH in the case of PL, and with dilute
HCl in the case of PG. The solutions were
kept under refrigeration. On the day of use,
the stock solution was diluted 10 times with
0.9% NaCl so that the dilute solutions used
for injection contained 1 mg of the poly-
amino acid per ml.

* Supported in part by grants from Am. Cancer
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Foundation,

Labeling of sheep red cells. This proce-
dure was carried out immediately before in-
jection of the red cells. After washing sheep
red cells 3 times each with 10 volumes of
0.9% NaCl, 1 ml of packed red cells was
well mixed with 0.5 ml of NaCr510,*t diluted
with 0.9% NaCl to contain 12 to 20 puc/ml.
After incubation at room temperature for 30
minutes, the red cells were washed 3 times
each with 5 ml of 0.9% NaCl. The last wash-
ings contained only significant amounts of
radioactivity. In most experiments, the effi-
ciency of labeling ranged from 75 to 85%.
The activity of a 10% suspension in 0.9%
NaCl of labeled red cells varied from 0.5 to
0.8 uc/ml,

Experimental design. For each experiment,
mice of the same strain, matched as to sex,
age, and weight were divided into control and
experimental groups. Intraperitoneal injec-
tions of 0.3 ml of the dilute polyamino acid
solution (0.3 mg) were given twice daily to
experimental animals, while control mice re-
ceived at the same time 0.3 ml of 0.9% NaCl
intraperitoneally. Three to 5 such injections
were given on successive days. Three to 5
hours after the last polyamino acid or NaCl
injection, all mice were injected intraperi-
toneally with 0.5 ml of a 10% suspension of
the Cr-labeled sheep red cells. The skin
puncture of this injection was sealed with
collodion simultaneously with the withdrawal
of the needle, to prevent leakage of the in-
jected material. All animals were weighed
and killed with ether 24 hours after injec-
tion of sheep red cells; livers and spleens
were immediately removed, weighed, and pre-
served for radioassay.

Modifications of this basic experimental
design when used, will be described in con-
nection with the results of pertinent experi-
ments.

Radioassay. Aliquots of 1 ml of suitable
dilutions of the labeling solution and of the

t Squibb Chromitope Sodium, 100 xc/ml.
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TABLE I. Phagocytosis of Sheep Red Cells in Polylysine (PL)-Treated Miee.
- Liver ~ Spleen: N
Mean % up-
Mean % uptake take of in-
No.of No.of Mean % of injected Mean % jected epm
Strain Sex  Group mice PLinj bodywt epm/g =+ S.D. body wt /100 mg
C3H & Control 10 — 5.64 24.25 + 6.02* .86 1.94%
Exp 10 5 5.41 11.49 + 4.40 .68 .98
C3H 3 Control 4 — 5.60 30.47 +~ 8.06* .94 2.48*
Exp 5 5 5.56 5.73 = 2.70 .61 75
C3H Q Control 5 e 5.21 33.05 +=11.41¢ 71 4.58t
Exp 5 5 5.24 7.45 + 2.51 91 1.11
BALB/e & Control 9 — 6.53 19.66 + 6.65* 1.09 1.61
Exp 9 6 6.33 11.72 + 7.44 94 1.90
BALB/e @ Control 7 — 6.18 22.04 = 4.29* 1.06 1.56%
Exp 14 4 6.09 10.45 + 4.80 91 .67
ASW 3 Control 8 — 5.67 12.80 + 6.36% .01 .73
Exp 10 5 5.03 6.68 + 4.74 .60 .53
ASW 3 Control 8 — 6.03 17.24 + 3.15* .56 3.85*%
Exp 8 4 5.75 5.12 + 1.61 48 .68
ASW 3 Control 5 —_ 5.51 25.97 3 4.79¢ .78 2.35
Exp 5 3 5.54 8.17 + 1.19 .75 2.20
ASW Q Control 5 — 5.67 30.06 + 2.58* .60 3.441
Exp 5 3 4.97 592 + 2.34 .68 1.17

Significance of difference in uptake of control and experimental groups:

*P <001, tP <.01. P <.05>.01.
suspension of labeled red cells were placed
into plastic tub=s and assayed in a well scin-
tillation counter.t The efficiency of the
counter was determined as roughly 5%, with
1 uc of Cr?! yielding approximately 110,000
CPM. At termination of the experiments, the
livers and spleens were placed into plastic
tubes for radioassay in the well counter.
After correction for decay, the uptake of
Cr®1 was determined for liver and spleen as
per cent of injected CPM which was present
in the whole organ, and calculated for the
unit of weight (g of liver; 100 mg of spleen).
When differences in uptake of labeled red
cells were observed in control and experimen-
tal groups, their statistical significance was
determined by means of Student’s £ test.
Results. Body weights determined at the
beginning and end of the experiments did not
show significant differences between control
and experimental animals. Administration of
polyamino acids at the dose levels described
did not produce obvious signs of toxicity,
nor were gross abnormalities noted on au-

1t RIDL Scintillation Counter, model 60-2; 11-1

well with 134 x 2" crystal.

topsy of the treated mice.

Table I summarizes data from 9 experi-
ments in which phagocytosis of sheep red
cells was compared in control and PL-in-
jected mice. This treatment significantly de-
pressed hepatic phagocytosis in all experi-
ments, and splenic phagocytosis in 6 out of
9. Differences in hepatic and splenic weight
between control and experimental mice did
not appear to be correlated with this inter-
ference with phagocytosis.

Table II contains the results of an experi-
ment in which female ASW mice were di-
vided into 3 groups: experimental mice of
Group I received a total of 3 injections, or
0.9 mg of PL; those of Group II, 5 injec-
tions, or 1.5 mg; those of Group III, 12 in-
jections, or 3.6 mg. While phagocytosis was
depressed in all groups, the ratios between
uptake in control mice and that in experi-
mental mice (C/E) showed that the effect on
hepatic phagocytosis was directly proportion-
al to the dose of PL used. Splenic phagocy-
tosis was inhibited to a greater degree by 1.5
mg than by 0.9 mg, but 3.6 mg was less effec-
tive than 0.9 mg.
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TABLE II. Effect of Dose of Polylysine (PL) on Phagoeytosis (ASW Female Mice).
- Liver: ~ — Spleen: N
Mean %
Mean % uptake uptake
No.of No. of Mean % of injected Mean % of injected
Group mice PL inj body wt epm/g +S8.D. C/E* body wt cpm/100mg C/E*
I Control 5 — 4.69 36.45 + 1.36t 1.75 .46 8.64% 3.25
Exp 5 3 4.60 20.92 + 4.36 47 2.67
II Control 5 — 6.31 18.87 + 3.94t 2.58 .50 2.771 5.45
Exp 5 5 5.83 7.32 + 3.93 74 .51
IIT Control 6 — 5.96 34.86 +4.91t 5.15 72 2.95t 3.30
Exp 6 12 6.58 6.78 + 2.95 .65 .89
* Uptake in controls/uptake in experimental mice.
Signifieance of difference in uptake of control and experimental groups:
t P <.001. }P <.05 >.01.
TABLE III. Duration of Depression of Phagocytosis Caused by Polylysine.
. . Liver Spleen
Injections Inj of Cr™-
sheep RBC Mean % Mean % up-
Group* Days No. on day uptake, g take, 100 mg
I Control — — 4 21.58+ 6.46t
Exp 1-4 7 7.54 79
ITI  Control — — 11 20.84 4.281
Exp 1-4 7 16.70 1.57
IIT Control — — 18 23.52t 2.00%
Exp (a) 1-4 7
()  16-18 5 6.66 63
* Each group consisted of 4 female (C3H X BALB/c)F; mice.
t P <.001.
1P <.01.

One of several experiments undertaken in
order to investigate the duration of the effect
of PL is presented in Table III. Mice of
experimental Groups I, II, and III received
7 injections of PL on 4 successive days, while
control mice were injected with 0.9% NaCl.
All mice of Group I were injected intraperi-
toneally with labeled sheep red cells 5 hours
after the last injection of PL of NaCl, in
accord with the procedure used in previous
experiments. The expected depression of he-
patic and splenic phagocytosis occurred. On
the other hand, when mice of Group II were
injected with labeled sheep red cells 7 days
after the last PL injection, hepatic phagocy-
tosis was not affected, and splenic phagocy-
tosis only slightly. Mice of Group IIT were
given a second series of 5 injections of PL
12 days after the last injection of the first
series. When phagocytic uptake was tested
in these mice by injecting labeled sheep red
cells given intraperitoneally 5 hours after the

last PL or NaCl injection, the depression of
phagocytosis was comparable to that ob-
served in treated mice of Group L }

Since the initial observations(1) on inter-
ference with formation of antibodies for
sheep red cells in PL-treated mice were made
after a course of 6 immunizing injections, the
effect of PL on phagocytic uptake after mul-
tiple injections of labeled sheep red cells was
also tested. DBA female mice, divided into
control and experimental groups, received
during a period of 2 weeks 6 intraperitoneal
injections each consisting of 0.3 ml of a 5%
suspension of Cr5l-labeled sheep red cells. On
the day before each red cell injection, control
mice were injected intraperitoneally with 0.3
ml of 0.9% NaCl and experimental mice with
0.3 ml of the 0.1% PL solution. All animals
were killed 24 hours after the last red cell
injection, and hepatic and splenic uptakes
were determined by radioassay, with the cal-
culations taking into consideration the cu-
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TABLE IV. Effect of Polylysine on Phagocytosis After Multiple Injections of Sheep Red Cells
(DBA Female Mice).

Spleen ~

- Liver — -~
Mean % uptake

Mean % uptake

No. of Mean % of injected Mean % of injected
Exp  Group mice body wt cpm/g + S.D. body wt  cpm/100 mg
I Control 9 6.69 4.81 + 1.62* 53 .56
Exp 10 6.66 2.12 +1.14 .55 .34
II  Control 10 6.28 7.74 + 1.52* .66 .67
Exp 24 6.10 238+ 95 .55 86t
* P <.001. t See text for qualifying comment.
TABLE V. Phagocytosis of Sheep Red Cells in Polyglutamic Acid-Injected Mice.
~ Liver - ~ Spleen ~
Mean % uptake Mean % uptake
No. of Mean % of injected Mean % of injected
Strain  Sex Group mice body wt cpm/g + S.D. body wt  epm/100 mg

ASW 4  Control 8 6.03 18.59 + 3.15*% .56 3.85*
Exp 7 5.83 6.07 = 3.74 .39 1.11

ASW 8  Control 5 5.40 15.77 + 4.10% .62 2.94%
Exp 5 5.50 3.54+ .79 .62 .87

C3H 8  Control 4 5.60 30.47 + 8.26t 94 2.32+%
Exp 5 4.89 12.00 = 4.10 1.07 1.16

C3H 9  Control 5 5.21 33.05 +11.41t 71 4.55¢%
Exp 5 5.75 1210 + 4.81 .82 1.15

BALB/c & Control 5 4.92 23.68 +~ 7.32% .85 3.06
Exp 5 5.73 8.92 + 7.22 .82 1.68

Significance of difference between control and experimental groups:

*P <001, 1P <.01. 1P <.05>.01

mulative dose and radiodecay of the red cells
administered. Two such experiments dis-
closed significant depression of hepatic phago-
cytosis in PL-treated mice (Table IV). In
Exp. II, only 4 experimental mice exhibited
detectable levels of radioactivity in the
spleen, while spleens of the remaining 20
mice yielded counts below the threshold of
sensitivity of the instrument; hence splenic
phagocytosis was also depressed.

Mice which received 3 intraperitoneal in-
jections, each of 0.3 mg of PG, prior to ad-
ministration of labeled sheep red cells, ex-
hibited a significant depression of hepatic
phagocytosis in all experiments; splenic
phagocytosis was depressed in 4 of the 5 ex-
periments (Table V).

Discussion. The data presented have un-
equivocally demonstrated that treatment of
mice with rather small amounts of some syn-
thetic polyamino acids interferes with phago-
cytosis of heterologous red cells in the liver
and, somewhat less consistently, in the

spleen. For PL this effect was shown to be
to some extent dose-dependent. The inhibi-
tion was temporary, inasmuch as phagocyto-
sis returned to an almost normal range when
7 days had elapsed between the last PL in-
jection and the injection of sheep red cells.
When mice were treated with 2 series of PL
injections, they responded to the second se-
ries with a depression of phagocytosis compa-
rable to that seen in mice given only one
series. Thus there was no indication for de-
velopment of “tolerance” to the polyamino
acid.

It is reasonable to hold this inhibition of
reticulo-endothelial phagocytosis responsible
for the previously reported decrease in for-
mation of antibodies in PL-treated mice im-
munized with sheep red cells(1). In these
experiments the depression of immune re-
sponses occurred more frequently in male
than in female mice. This sex difference may
reflect the fact that female mice of some
strains are superior to males in ability of
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forming immune antibodies to sheep red cells
(3). Stimpfling(4) also found female C57BL
mice to possess higher titers of natural ag-
glutinins for sheep red cells than male mice.
Hence, female mice might be able to respond
with an adequate antibody formation even
when treatment with polyamino acids has re-
duced the amount of phagocytosed antigen.

De Vries and associates(5) reported that
PL promoted phagocytosis of starch granules
by polymorphonuclear leukocytes in vitro.
Buchanan-Davidson and co-workers(6) found
that in vitro phagocytosis by leukocytes of
Pneumococci was enhanced by PL, while
phagocytosis of Staphylococcus aureus or of
Streptococci was not affected. No meaningful
comparison between these observations and
our findings appears possible because of the
profound differences in test conditions: in
vitro vs in vivo; cellular elements: poly-
morphonuclear leukocytes s tissue macro-
phages; and substrates: starch granules or
bacteria vs red cells.

No explanation can be offered for the
mechanism of the interference with phagocy-
tosis brought about by the polyamino acids.
The cationic nature of PL cannot be consid-
ered to be a critical factor, since the poly-
anionic PG had a similar effect. A direct
“blocking” effect on reticulo-endothelial cells
is unlikely because of the small molecular
size and low effective dose of the polyamino
acids. Kornguth, Stahmann and Anderson
(7) demonstrated adsorption of fluorescent
polylysine to the lipoprotein component of
the membrane of Ehrlich ascites carcinoma
cells. Although only minimal amounts of the
compound appeared to penetrate into the
cytoplasm, severe disorganization in mito-
chondrial and nuclear structure of the cells
was detected. Conceivably, similar surface
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binding of polyamino acids could result in
structural and functional disturbances of
reticulo-endothelial cells and account for the
effects reported. Another mechanism is sug-
gested by the observation that precipitates
are formed when PL is added iz wvitro to
mouse serums in concentrations and quanti-
ties comparable to those used in the iz vivo
experiments. Thus one might consider the
possibility that similar precipitates are pro-
duced in the animal injected with polyamino
acid. The insoluble complex, by undergoing
phagocytosis, may be responsible for “block-
ing” the uptake of some other particulate
substrate, such as the sheep red cells. This
hypothesis is being tested.

Summary. 1. Treatment of mice with syn-
thetic PL or PG regularly inhibited hepatic,
and frequently also splenic, phagocytosis of
subsequently injected Cr®!-labeled sheep red
cells. 2. This inhibition was roughly propor-
tional to the dose of polyamino acid, and
disappeared after approximately one week.
3. The interference with phagocytosis was
offered as an explanation for the previously
reported depression of formation of anti-
bodies in mice treated with PL.
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