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The antibody-inducing activities of foreign red blood cell immunogens seques-
tered in the spleens and livers of mice injected with sheep erythrocytes were evalu-
ated during the early periods of the immune response. Estimates of immunogenic-
ity, obtained from the magnitudes of anti-sheep red blood cell hemolysin responses
evoked in sensitized recipient mice by subcellular tissue fractions prepared from
these phagocytic organs, showed that the liver and spleen differ greatly in their
handling of this particulate antigen. The liver, functioning primarily as a scavenger
organ, destroys completely the immunogenicity of the heterologous erythrocytes
in 12 hr. In contrast, the spleen handles foreign erythrocyte immunogens in at
least two different ways: approximately 909, of the initially sequestered activity
is rapidly destroyed by the spleen in 6 hr, but the remaining activity, associated
chiefly with a tissue fraction possessing the sedimentation properties of “light
mitochondria,” is retained at a significant level for 3 days, and then progressively
decreases to a low level until the 7th day. A correlation of the observed changes in
the properties of the immunogenic tissue fraction with known cellular events in the
spleen stimulated by antigens indicates that the retention of the degradable eryth-
rocyte immunogen is essential for stimulating and maintaining immune reactions

in this antibody-producing organ.

How information for three-dimensional struc-
tural specificity is transferred from the antigen to
a class of immunocompetent cells is not known.
One approach to an understanding of this central
problem in immunology is to study the immuno-
genic form of a fundamentally degradable antigen
retained by lymphoid tissues during the course of
the immune response. Tissue-retained antigens
have previously been shown to be important in the
production and maintenance of immune phe-
nomena (6, 31, 45, 49, 55, 64) and for the complete
differentiation of immunocompetent cells (25,
29, 56).

The persistence of immunologically active
material in the animal body varies with both the
antigen and the species of animal used in ex-
periments, as clearly shown in the reviews of
Humphrey (26), Campbell and Garvey (7), and
Sulitzeanu (57). For example, diphtheria toxin
remains immunogenic in rabbit lymphoid tissue
for 3 weeks (53), and bovine gamma globulin re-
mains immunogenic in rabbit livers for 14 days
(35) ; furthermore, pneumococcus polysaccharide
antigen persists in various tissues of ‘“paralyzed”
micein animmunogenic form for very long periods
(14). Recently, studies of the ability of retained

antigens to initiate an immune response in non-
sensitized syngeneic mouse lymphoid cells trans-
ferred to primary antigen-injected recipients have
demonstrated that sheep red cell immunogens
persist for 14 days, whereas lipopolysaccharide
antigens remain immunogenic for at least 45
days (6). Likewise, stimulatory material was still
detected in host mice 10 weeks after their injection
with 100 mg of bovine serum albumin by the
immune responses of transferred sensitized spleen
cells (41).

The present experiments continue our earlier
studies of the primary immune response in the
mouse (17, 36) and bring out new information
about the immunological behavior of tissue-
retained antigens during the early phases of the
immune response. This has been accomplished by
comparing the immunogenic capabilities of
injected heterologous erythrocytes sequestered
by the spleen, an avid producer of antibodies,
with the antibody-stimulating activity of red
blood cells taken up by the liver, an organ nor-
mally devoid of this function. Estimates of the
immunogenicity of retained foreign erythrocyte
antigens were obtained from the magnitudes of
the anti-sheep red cell hemolysin responses
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evoked in presensitized recipient mice by sub-
cellular fractions prepared from these phagocytic
organs. In passing, it should be noted that others
have employed tissue fractionation techniques to
study the immunological history of bacterio-
phages retained by spleens and livers of guinea
pigs (63) and of sheep erythrocytes sequestered by
the spleens of rats (50). Preliminary communi-
cations of our studies have been previously re-
ported (16; R. E. Franzl and E. Leckband, Fed.
Proc. 23:344, 1964).

MATERIALS AND METHODS

Mice. Female mice of the Rockefeller Swiss Nelson-
Collins strain, 4 to 6 weeks old and weighing 20 to 22
g, were employed in all experiments. The animals were
housed at 22 + 1 C, fed ad libitum, and given drinking
water containing 1 mg of oxytetracycline (soluble
powder, Pfizer Co., Inc., New York, N.Y.) per ml.

Antigen. Sheep red blood cells (RBC; Cappel Labo-
ratories, West Chester, Pa.), washed three times by
centrifugation with sterile saline, were employed as
antigen in these studies. The cell suspensions were ad-
justed to the desired concentration by standardization
in terms of hemoglobin. With this method, lysis of a
19, sheep RBC suspension (2 X 108 cells per ml) with
14 volumes of 0.19, Na,CO; develops an optical
density of 0.135 at 541 nm in a Beckman DU spec-
trophotometer.

Treatment of animals. Donor mice were injected
intravenously with 2 X 108 sheep RBC, and, at speci-
fied time intervals thereafter, their tissues were re-
moved for subcellular fractionation as described be-
low. In general, recipient mice were presensitized with
a single intravenous injection of 2 X 10°% sheep RBC
5 to 6 weeks before being used in the immunogenicity
assay. In some instances, however, normal untreated
mice were used as recipient animals.

Tissue fractionation. The subcellular fractions of
liver and spleen were prepared essentially by the differ-
ential centrifugation method of de Duve and co-
workers (11), with the use of a medium containing
0.25 M sucrose, 0.05 M tris(hydroxymethyl)amino-
methane (Tris)-hydrochloride, 0.005 M MgCl., and
0.03 M KCl buffered at pH 7.6. In typical experiments,
separate pools of approximately 22 livers and 40
spleens were obtained from donor mice previously in-
jected with sheep RBC. Each tissue was homogenized
with an amount of medium calculated to give a 259,
(w/v) tissue extract by one up and down stroke of the
motor-driven plunger of a Potter-Elvehjem type ho-
mogenizer (Arthur H. Thomas Co., Philadelphia,
Pa.); the tissue extract was centrifuged at 1,000 X g
for 10 min in a centrifuge with swing-out cups (Inter-
national Centrifuge Co., Boston, Mass.), and the
supernatant fluid was saved. These operations were
repeated twice with the pellet while employing a force
of 600 X g for the 10-min centrifugations. The final
sediment, resuspended and passed through flannelette,
was called the nuclear fraction (N). The pooled super-
natant fluids, centrifuged at 3,000 X g for 10 min in an
angle-head rotor (ultracentrifuge model L, Beckman
Instruments Inc., Spinco Division, Palo Alto, Calif.),
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yielded a pellet which, after being washed twice by re-
suspension and sedimentation, was designated as
mitochondria (M). By centrifuging the combined
supernatant fluid and the fluids of the washings at
25,000 X g for 10 min, a third pellet of “light mito-
chondria” (L) was obtained. The supernatant fluid
yielded the particulate microsome fraction (P) after
50 min of centrifugation at 60,000 X g. The unsedi-
mentable material constituted the cell supernatant
fluid (S). All procedures were done in the cold (0 to
4 C). The pellets were resuspended directly in their
centrifuge tubes with a loosely fitted motor-driven
smooth Teflon pestle. The final suspension of sub-
cellular particulates was made in 0.05 M Tris-hydro-
chloride buffer (pH 7.4) containing 0.005 M MgCl,
and 0.03 M KCl.

Assay of immunogenicity. The immunogenic ac-
tivity of injected sheep RBC retained by the liver and
spleen was assayed by testing the capabilities of sub-
cellular fractions prepared from these organs of donor
mice to elicit anti-sheep RBC hemolysin responses in
sensitized recipients. At the time of assay, each tissue
fraction, isolated as described above, was carefully in-
Jected intravenously into 9 or 10 anesthetized recipient
mice which 3 min previously had been given 500 USP
units of heparin (Bio Heparin, Ries Biologicals, Los
Angeles, Calif.) to avoid intravascular clotting (22).
The recipients’ sera contained no detectable amounts
of hemolytic antibody at this time. Sera pooled from
the brachial bleedings of three to four recipient mice
were collected on the 4th, 6th, and 8th days after in-
jection, stored at —20 C, and titered for their content
of anti-sheep RBC hemolysin as described below. In
some experiments, sera were collected over a period
of 14 days. By matching the kinetics of the serum
hemolysin responses elicited by donated tissue frac-
tions in sensitized recipients with those of the “stand-
ard” responses evoked by known amounts of sheep
RBC in identically sensitized mice (see Fig. 1), an
approximation of the quantity of foreign red cell im-
munogens associated with each cell fraction is ob-
tained in terms of an equivalent number of sheep
erythrocytes.

Immune responses were also followed by the num-
ber of “direct” (195) hemolysin plaque-forming cells
(PFC) in the spleens of recipient mice on successive
days after immunization, as determined by the Jerne,
Nordin, and Henry agar plaque technique (30).

Antibody determination. Quantitative titrations of
anti-sheep RBC hemolysins (60) were performed on
antisera decomplemented by heating at 56 C for 0.5 hr.
The results appear as the logarithm of the number of
509% anti-sheep RBC hemolysin units per milliliter of
undiluted mouse serum (logK). A control titration
of a standard hemolysin preparation accompanied
each set of determinations.

Nitrogen determination. A modified nesslerization
procedure (5, 42) was employed to quantitate 5 to 80
pg of nitrogen.

RESULTS

Hemolysin responses of sensitized mice to
various doses of sheep RBC. To establish the
degree of responsiveness to sheep erythrocyte
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immunogens in the sensitized mice regularly em-
ployed as recipients in the immunogenicity assay
(see Material and Methods), a study was made of
the secondary serum hemolysin responses evoked
in these animals by single intravenous injections
of 10-fold dose increments of antigen ranging
from 2 X 10*to 2 X 10® sheep cells. An examina-
tion of the resultant responses illustrated in Fig. 1,
with regard to antibody production kinetics,
maximal titers attained, and the time of the first
appearance of antibody, reveals that each stimu-
latory dose of foreign red cells, within the 1,000-
fold range of antigen dosage, evoked its own dis-
tinctive production of serum hemolysins. Thus,
2 X 10¢ sheep RBC elicited a minimal response
with a latent period of 5 days (curve a); the larger
dose of 2 x 105 cells induced a considerable pro-
duction of antibody commencing 4 days after
antigen administration (curve b). In contrast,
2 x 10¢ foreign erythrocytes stimulated a rapid
response with hemolysins already in evidence on
day 3 (curve c), and 2 X 107 blood cells initiated
a maximal production of anti-sheep RBC he-
molysins in sensitized mice (curve d). As previ-
ously discussed (Materials and Methods), these
anti-sheep RBC hemolysin responses are used as
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FiG. 1. Effect of the dosage of injected antigen on
the production of secondary anti-sheep RBC lemolysins
in mice. The figure shows the serum hemolysin re-
sponses elicited by single intravenous injections of 2 X
10% (a, O), 2 X 10° (b, 0O0), 2 X 10 (c, A), and 2 X
10" (d, @) sheep RBC in mice primed 5 weeks pre-
viously with 2 X 10¢ sheep RBC. The antibody titers
(logwK) are expressed as the logarithm of the number
of 509, anti-sheep RBC hemolysin units per milliliter
of undiluted serum. Each point represents the antibody
titer of sera pooled from three animals.
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‘“standards” to approximate the quantity of the
sheep red cell immunogens retained by livers and
spleens of antigen-injected mice in the experi-
ments described below.

Persistence of sheep red cell immunogens in the
liver after the injection of sheep RBC. To investi-
gate the retention of heterologous RBC immuno-
gens by the liver, the levels of sheep red cell
immunogenicity were determined in liver sub-
cellular fractions “N,” “M,” “L,” and “P” (see
Materials and Methods), prepared 1, 3, 6, and 12
hr after the intravenous injection of donor mice
with 2 X 10° sheep RBC. The ability of the
donated tissue fractions to stimulate anti-sheep
RBC hemolysin responses in previously sensi-
tized recipient mice was utilized to test for the
presence of foreign RBC immunogens in the liver
preparations. From the magnitude of the re-
sponses depicted in the graph on the left in Fig. 2,
it is evident that all tissue preparations made from
the donor’s liver 1 hr after antigen were highly
immunogenic, and that “L” and “P” fractions
were possibly more active than either of the two
remaining subcellular particles. The latter is
definitely true for samples obtained 3 to 6 hr
after antigen. This fact is supported by the data
in the second and third diagrams in Fig. 2, as
shown by the contrast of the sustained high
titers elicited by the lighter cytoplasmic fractions
with the low responses evoked by similar injec-
tions of “N’’ and “M?”’ cell particulates. However,
most cell fractions obtained 12 hr after antigen
injection were totally devoid of sheep cell im-
munogenicity (note the absence of significant
responses in the graph on the right), with the
exception of “L” preparations exhibiting a trace
of biological activity. Thus, it is evident that most
of the antibody-inducing activity of the foreign
RBC initially sequestered by the liver is destroyed
after a 12-hr residence in this phagocytic organ.
Subsequently, all subcellular fractions prepared
1 to 7 days after antigen and presented in doses of
1.0 to 1.2 mg of nitrogen per mouse were found
to be totally incapable of stimulating the produc-
tion of anti-sheep RBC hemolysins in sensitized
recipient mice.

The evaluations of the immunogenicities of
each donated subcellular preparation in terms of
equivalent numbers of sheep erythrocytes (see
Materials and Methods), listed in the third
column of Table 1, establish with certainty that
liver “L’’ and “P” fractions contain large amounts
of red cell immunogens at 1 hr, lessat 3 and 6 hr,
and virtually none at 12 hr after the injection of
2 x 10® sheep RBC. In addition, the liver’s rapid
destruction of sheep cell immunogenic activity is
further substantiated by the parallel decline of the
calculated “specific”’ immunogenicities of the cell
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FiG. 2. Anti-sheep RBC hemolysin responses induced by liver cell fractions obtained from donor mice over a
12-hr period after antigen administration. Cell fractions, nuclei (N, @), mitochondria (M, O), “light mitochon-
dria” (L, O), and microsomes (P, A) were prepared from the livers of donor mice +1, +3, +6, and +12 hr
after intravenous injections of 2 X 10° sheep RBC. The fractions were intravenously injected into sensitized re-
cipient mice in the following doses (milligrams of nitrogen per mouse): in the +1-hr experiment—N (0.45), M
0.58), L (0.97), and P (0.79); in the +3-hr experiment—N (0.58), M (0.41), L (0.78), and P (0.74); in the +6-
hr experiment—N (0.31), M (0.27), L (0.63), and P (0.49); and in the +12-hr experiment—N (0.32), M (0.32),
L (0.37), and P (0.36). The antibody titer (logw K) of recipient mice is expressed as the logarithm of the number
of 509, anti-sheep RBC hemolysin units per milliliter of undiluted serum.

particulates over the 12-hr period (fourth column,
Table 1).

Persistence of sheep red cell immunogens in the
spleen after the injection of sheep RBC. To deter-
mine the sheep RBC immunogenicity retained in
the spleens of antigen-treated donor animals,
subcellular fractions, prepared from this organ
1 to 12 hr after the administration of sheep
erythrocytes were given to sensitized recipients
in doses approximating one to three spleens per
mouse. The results of these experiments, illus-
trated in Fig. 3, show that “1-hr”’ spleen fractions
(first graph of Fig. 3) elicited greater anti-sheep
RBC hemolysin responses in the test animals than
did the “3-, 6-, and 12-hr” fractions, the responses
of which are represented by the corresponding
plots in Fig. 3. The findings clearly demonstrate
the large measure of immunogenic capability
associated with spleen cell particulates obtained
directly after the injection of antigen, and the
somewhat diminished activities of analogous
preparations isolated later during the 3- to 12-hr
period. However, it must be emphasized that all
cytoplasmic particulates isolated from the spleen
throughout the 12-hr period after antigen con-
sistently evoked sizable antibody titers on all 3
test days and can, therefore, be considered to con-
tain appreciable amounts of foreign immunogens.
This is in contrast to the previously presented

data demonstrating a rapid destruction of sheep
RBC immunogenicity associated with liver sub-
cellular fractions during the same experimental
period (see Fig. 2 and Table 1).

To investigate the eventual fate of foreign RBC
immunogens in the spleen, a study was made of
the hemolysin-inducing capability of splenic frac-
tions obtained 1, 2, 3, and 4 days after the injec-
tion of the optimal dose of sheep RBC. From the
data presented in the first three graphs of Fig. 4,
it is evident that fractions obtained from donor
animals 1 to 3 days after antigen injection pos-
sessed considerable immunogenic activity. This
was especially true of “L” fractions isolated
within this 3-day interval. They consistently
elicited high hemolysin titers in sensitized mice
on the 4th day after their administration, whereas,
as shown in these graphs, similar doses of “M,”
“N,” and “P” fractions evoked considerably
lower responses. In contrast, “4-day’” tissue
preparations (right plot of Fig. 4) either were
inactive (“N”” and “M” fractions) or exhibited
only token immunogenicity (“L” and “P”
fractions). Further studies showed that spleen
“L” fractions, isolated 7 days after antigen ad-
ministration, were still very slightly immunogenic,
whereas fractions obtained 30 days later, con-
tained no demonstrable activity.

An evaluation of the sheep cell immunogenicity
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TaBLE 1. Sheep red cell immunogenicity of liver cell
fractions at various time intervals
after antigen injection

Time
in%ét;i‘;m !fra((:::ilén“ Immunogenicity® imml?npt:;;‘tixgcity‘
rO
+1 N 0.7 X 10¢ 1.55 X 108
M 0.7 X 10¢ 1.21 X 10°
L 7.0 X 108 7.20 X 10
p 20.0 X 108 25.6 X 10°
+3 ¢« N 0.02 X 10¢ 0.03 X 108
M 0.7 X 10¢ 1.71 X 10
L 2.0 X 108 2.56 X 10°
P 2.0 X 108 2.70 X 10°
+6 N 0 0
M | 0.07 X 10 0.26 X 10°
L 2.0 X 10¢ 3.18 X 10
i P 2.0 X 108 4.08 X 108
+12 N 0 0
M 0 0
L 0.02 X 10¢ 0.05 X 108
P 0 0

¢ For explanation of symbols, see legend to
Fig. 2.

b The immunogenicity of the injected dose of
the liver cell fractions (Fig. 2) is expressed as the
number of sheep RBC necessary to evoke a com-
parable secondary hemolysin response in sensi-
tized recipient mice (see Materials and Methods).

¢ ¢“Specific’’ immunogenicity is the immuno-
genicity per microgram of nitrogen of the cell
fraction.

found in spleen cell fractions obtained 1 to 12 hr
and 1 to 4 days after antigen injection in terms of
an equivalent number of sheep RBC is presented
in Tables 2 and 3, respectively. The results in
Table 2 demonstrate the loss of a major portion
of the spleen’s early (41 hr) sheep cell immuno-
genicity after 3 hr and the retention of a signifi-
cant antibody-stimulating activity throughout the
remainder of the 12-hr experimental period. This
activity was shown to persist in the spleen for an
additional 3 days (Table 3) and to associate
principally with the “light mitochondrial”” (“L”’)
fraction.

The immunogenic activity of comparable doses
of spleen “L” fractions, isolated from donor
animals 1, 2, 3, and 4 days after treatment with
sheep RBC, was also studied by employing the
“direct’” hemolysin plaque technique in agar
(30) to enumerate (19S) antibody-producing cells
in the spleens of the sensitized recipient mice. The
results of these investigations are plotted in the
right diagram of Fig. 5, each point representing
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the average number of PFC per 106 spleen cells in
a pool of three to four recipient spleens. As can
be seen, fractions isolated 1 day after antigen
administration gave the greatest response (curve
1), and those obtained at later time intervals
evoked successively decreasing responses (curves
2, 3, and 4). These prompt and brisk reactions
resemble closely the secondary hemolysin
response (Fig. 5, left plot) obtained by challeng-
ing similarly sensitized mice with sheep erythro-
cytes.

Further properties of spleen “‘light mito-
chondrial’’ fractions from antigen-injected mice.
To characterize the nature of the biologically
active sheep RBC immunogens associated with
splenic “L” subcellular particles, a study was
made of the effects of several experimental pro-
cedures on the capabilities of these preparations,
obtained 1 and 3 days after antigen injection, to
stimulate the production of anti-sheep hemolysins
in sensitized mice. Table 4 compares the immuno-
genic activities of treated and untreated tissue
fractions with those of sheep erythrocytes. As can
be seen, both the tissue preparations and the
blood cells retained their initial sheep cell im-
munogenicity for considerable time periods when
maintained at 4 C in the buffer usually employed
in these investigations. In addition, dialysis of
similar preparations for 16 hr at 4 C against the
same buffer (0.05 M Tris buffer) devoid of Mg and
K ions had no effect on their activities. In con-
trast, incubation at 37 C (see second line of
Table 4) greatly impaired the biological activities
of both spleen fractions, although the procedure
still had no effect upon the antibody-stimulating
activity of lysed sheep RBC, even when spleen
“L” fractions were included in the incubation
mixtures.

The action of specific antibodies on the im-
munogenic activity of tissue-retained antigens
was investigated by reacting each of the spleen
“L” preparations with high-titer mouse anti-
sheep RBC hemolysin serum (log;, K, —3.5). The
results shown on line 3 of Table 4 indicate that
antigenic determinants of sheep immunogens
associated with the “1-day’’ subcellular fractions
reacted with antibody and formed immuno-
logically inactive material, whereas those present
in the later ‘“3-day” fractions appeared to be
largely protected from the inactivation by specific
antibody. These preliminary observations suggest
that heterologous RBC immunogens, present in
the spleen 1 day after antigen injection, differ
appreciably, either in chemical structure or in
their association with cellular components, from
those found on the 3rd day. Since the reaction of
antibody with sheep erythrocytes did not influ-
ence the antibody-stimulating activity of this
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FiG. 3. Anti-sheep RBC hemolysin responses induced by spleen cell fractions obtained from donor mice over a
12-hr period after intravenous injections of sheep cells. The doses (milligrams of nitrogen per mouse) of each frac-
tion administered to sensitized recipient mice were: in the +1-hr experiment—N (0.66), M (0.35), L (0.30), and
P (0.39); in the +3-hr experiment—N (0.53), M (0.37), L (0.17), and P (0.35); in the +6-hr experiment—N
0.35), M (0.19), L (0.23), and P (0.26); and in the +12-hr experiment—N 0.41), M (0.23), L (0.23), and P

(0.32). For explanation of symbols, see legend to Fig. 2.
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FIG. 4. Anti-sheep RBC hemolysin responses induced by spleen cell fractions obtained from donor mice over a
4-day period after antigen injection. The doses (milligrams of nitrogen per mouse) of each fraction given 1o sensi-
tized recipient mice were: in the +I-day experiment—N (0.91), M (0.40), L (0.33), and P (0.61); in the +2-
day experiment—N (0.81), M (0.46), L (0.49), and P (0.43); in the +3-day experiment—N (0.41), M (0.39),
L (0.32), and P (0.44); and in the +4-day experiment—N (0.95), M (0.11), L (0.48), and P (0.46). For explana-

tion of symbols, see legend to Fig. 2.

particulate antigen, the mechanism by which the
immunogenicity of “L” tissue fractions is in-
activated by serum antibody is probably different
and is not presently understood.

In an attempt to remove sheep RBC immuno-

gens from tissue components, spleen “L’ fractions
were treated with a surface-acting agent, sodium
deoxycholate. As Table 4 shows, the immuno-
genic activity of lysed sheep RBC and spleen
“l1-day” fractions was not affected, as all activity
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TABLE 2. Sheep red cell immunogenicity of spleen
cell fractions at various times during a 12-hr
period after antigen injection
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TABLE 3. Sheep red cell immunogenicity of spleen
cell fractions at various times during a 4-day
period after antigen injection

Time Time
1 - « ific”? “
h%%‘:ion fraccfiln“ Immunogemutyb ixmnflft)egcégfcity” in%f{(;u fmgtei]t}n“ Immunogenicity? lmmnﬁ]%?ﬁfcxty
+1 N 0.2 X 10¢ 0.3 X 103 +1 N 0.1 X 10¢ 0.02 X 10
M 7.0 X 10¢ 20.0 X 10® M 0.1 X 10¢ 0.25 X 103
L 20.0 X 108 66.6 X 103 L 10.0 X 10¢ 30.0 X 102
P 7.0 X 10¢ 17.9 X 10° P 0.02 X 10¢ 0.03 X 10®
+3 N 0.07 X 10¢ 0.13 X 103 +2 N 0 0
M 0.7 X 10¢ 1.89 X 103 M 0 0
L 7.0 X 108 41.2 X 10% L 2.0 X 108 4.1 X 108
P 0.7 X 108 2.0 X 108 P 0.02 X 108 0.05 X 103
+6 N 0.02 X 108 0.06 X 10% +3 N 0.02 X 108 0.05 X 103
M 0.7 X 108 3.68 X 103 M 0.1 X 108 0.26 X 108
L 2.0 X 10¢ 8.70 X 108 L 10.0 X 10¢ 34.0 X 103
P 2.0 X 10¢ 7.70 X 10? P 1.0 X 108 1.7 X 103
+12 N 0.07 X 10¢ 0.17 X 103 +4 N 0 0
M 0.7 X 108 3.04 X 108 M 0 0
L 2.0 X 10¢ 8.70 X 102 L 0.02 X 108 0.4 X 16
P 2.0 X 108 6.25 X 103 P 0.02 X 108 0.05 X 10°

¢ For explanation of symbols, see legend to
Fig. 2.

® The immunogenicity of the injected dose of
the spleen cell fractions (Fig. 3) is expressed as
the number of sheep RBC necessary to evoke a
comparable secondary hemolysin response in
sensitized recipient mice (see Materials and
Methods).

¢ ““‘Specific’” immunogenicity is the immuno-
genicity per microgram of nitrogen of the cell
fraction.

was retained in sedimentable fractions, whereas
the activity of the ‘“3-day”’ preparations was com-
pletely destroyed by this reagent. The marked
differences in lability to the action of the bile salt
reemphasizes the previously postulated differ-
ences in the nature of sheep cell immunogens in
spleen fractions obtained 1 day after antigen and
of those associated with preparations obtained
3 days after antigen injection.

Ribonucleic acid (RNA) preparations (fraction
I, ratio Agg/A2z = 1.94) derived from immuno-
genic spleen “L” fractions obtained 1 and 3 days
after antigen injection by mild extraction with
buffered phenol (21) were incapable of stimulat-
ing secondary hemolysin responses in vivo.
Moreover, two additional fractions obtained by
this extraction procedure, e.g., the phenol-soluble
materials (fraction II) and the ‘“interphase pro-
teins” (fraction III) were, after removing all
traces of phenol, also found to be immuno-
genically inactive (see Table 4). These results

¢ For explanation of symbols, see legend to
Fig. 2.

b The immunogenicity of the injected dose of
the spleen cell fractions (Fig. 4) is expressed as
the number of sheep RBC necessary to evoke a
comparable secondary hemolysin response in
sensitized recipient mice (see Materials and
Methods).

¢ ¢“‘Specific’” immunogenicity is the immuno-
genicity per microgram of nitrogen of the cell
fraction.

indicate that the biological activity of the im-
munogens under study is destroyed by this
technique. To preclude the possibility of a
destruction of the administered RNA by ribo-
nuclease in the serum of recipients, RNA prepara-
tions were first adsorbed onto normal mouse
spleen cells in hypertonic sucrose (37) prior to
injection. Such RNA-bound cells still failed to
stimulate an active production of anti-sheep RBC
hemolysin in sensitized mice. Since immunogenic
RNA could not be extracted from highly active
spleen “L” fractions, and since the antibody-
inducing capabilities of these tissue fractions were
not altered by the action of ribonuclease in vitro,
it may be postulated that RNA is not essential for
the expression of sheep RBC immunogenicity
associated with spleen “L” fractions of antigen-
injected mice.

Primary immunogenic activity of spleen and
liver ‘‘L”’ fractions. The activity of sheep cell
immunogens present in subcellular tissue frac-
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FiG. 5. Production of splenic hemolysin plaque-forming cells (PFC) in sensitized recipient mice stimulated by
different doses of sheep RBC (left figure) and by splenic “L” fractions isolated from donor animals at different
times after giving 2 X 108 sheep RBC (right figure). Left figure: Responses to the intravenous injection of 2 X
10* (curve a), 2 X 105 (curve b), and 2 X 105 (curve c) sheep RBC. Right figure: Responses to intravenously
injected spleen““L” fractions (milligrams of nitrogen per mouse) obtained 1 hr (curve 1 hr, 0.18), 1 day (curve 1,
0.16), 2 days (curve 2, 0.16), 3 days (curve 3, 0.19), and 4 days (curve 4, 0.26) after sheep RBC.

TABLE 4. Effects of various treatments on the
immunogenic activity of sheep RBC and
spleen “light mitochondrial”

(“L”) fractions

. Immunogenicity of
Dl:iratwn tre:tl:dgxmfer{al
Treatment an otiemp
treatment | RBCe |SL + 18 | SL + 3¢
Tris buffer, 0.05M, | lhror3 | 1009 100 100
pH 7.4 days,
4C
Tris buffer, 0.05 M, 1 hr,37C| 100 5-10 5-10
pH 174
Anti-sRBC serum, 30 min, 100 5 50
3.2% in saline 37C
Sodium deoxy- 4C 50 100 0
cholate, 0.5% |
Phenol, 889, 4C
Fraction I (RNA) 0 0
Fraction II 0 0
Fraction II1 0 0

¢ Sheep RBC.

b Spleen “L” fractions prepared 1 day after the injection
of 2 X 108 sheep RBC.

¢ Spleen “L” fractions prepared 3 days after the injection of
2 X 108 sheep RBC.

4 Percent immunogenicity of the untreated material.

tions of antigen-injected donor mice was further
investigated by evaluating the ability of spleen and
liver “L” preparations to evoke immune re-
sponses in normal recipient animals. The results
of a typical experiment (Fig. 6) show that 0.7 mg

A,o, 83— Plaques
Spleen

IILII fraction H,0,00---- Serum Ab

o
'

50

No. of hemolysin PFC/10® spleen cells
Log,o 50% hemolysin units/ml serum

o 2 4 6 8 10
I Days after antigen injection (i.v.)

FIG. 6. Responses in normal recipient mice stimu-
lated by sheep RBC and by “L” tissue fractions (milli-
grams of nitrogen per mouse) isolated from donor ani-
mals 1 hr after the injection of 2 X 108 sheep RBC. The
primary production of splenic hemolysin plaque-form-
ing cells (PFC; solid lines) and of serum hemolysins
(dashed lines) evoked by the intravenous injection of (A)
spleen “L” fraction (0.6), (B) liver “L” fraction (1.2),
and (C) 2 X 10" (curves 1, W), 2 X 10 (curves 2, @),
and 2 X 105 (curves 3, A) sheep RBC.
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of nitrogen of an “L” spleen fraction obtained 1
hr after sheep RBC injection of donor mice
stimulated anti-sheep hemolysin PFC and serum
antibody responses in normal animals (see plot
A) which are comparable to those evoked by
2 x 108 sheep RBC (plot C, curves 2). In con-
trast, a liver “L” fraction containing over twice
this nitrogen content (1.7 mg of nitrogen) gave
(see plot B) only one-third to one-fourth as great
a reaction (compare plot B with plot A). These
findings indicate that during this early period the
spleen sequesters more immunologically active
sheep erythrocytes per weight of tissue than the
liver. However, since “L” fractions which were
prepared from tissues later than 1 hr after in-
jecting antigen, that is, 1 to 4 days later, did not
stimulate immune responses in normal recipients,
these “primary immunogens’ appear to be short
lived.

DISCUSSION

The immunological significance of antigens
retained by tissues during the early phases of the
immune response was evaluated by studying the
sequential changes in the antibody-stimulating
capacity of heterologous erythrocytes taken up
by an immunocompetent organ, the spleen, and
the changes of those sequestered by a largely
phagocytic organ, the liver. To obtain precise
data on these changes, subcellular tissue fractions,
prepared at definite times after injecting mice with
a single optimal dose of sheep RBC, were assayed
for their ability to induce anti-sheep cell hemoly-
sin responses in presensitized mice. The biological
assay provided a direct evaluation of the func-
tional activity of the sequestered antigen in
relation to the immune response. It is known that
the particulate antigen employed in these in-
vestigations is promptly removed from the
circulation (22) and rapidly phagocytized by
macrophages in the sinusoids of the spleen and by
Kupffer cells of the liver. In addition, the uptake
of foreign erythrocytes by the spleen stimulates
the local production of specific antibodies in this
organ (66), whereas sequestration of the im-
munogen by the liver appears to play no signifi-
cant role in the resulting humoral response.

Data summarizing the fate of sheep RBC im-
munogens in the spleen are presented in the fourth
column of Table 5. It is evident that 909, of the
immunogenicity initially present in this organ
was rapidly destroyed in 6 hr, and the remaining
activity was retained at a significant level for 3
days and thereafter progressively decreased to a
low level until the 7th day. These findings de-
scribing the fate of the immunogenic activity of
sheep erythrocytes in the mouse spleen, as well as
those reported by Hunter (27) and Nossal et al.
(46) depicting the retention of *I-labeled flagella

IMMUNOGENS IN LIVER AND SPLEEN

477

TABLE 5. Retention of sheep red cell immunogenicity
in liver and spleen after the injection of
2 X 108 sheep RBC

Liver H Spleen I
Time [ ! Re-
in?efgfiron Immuno-| ‘‘Specific” Imn)qno-! “‘Specific” !C?o‘;;g?
genicity | immuno- genicity | immuno- ’
%) genicity (%)® genicity
1 Hr 59.5 40 X 102 10.5 93 X 102 (70
3 Hr 8.5 6 X 102 | 3.0 |27 X102 |11
6 Hr 10.5 8 X 102 i 1.5 15 X 102 |12
12 Hr 0.04 0.5 X 102 * 1.0 13 X 102 - 1
1 Day <0.04 | <0.5 X 102 1.0 13 X102} 1
2 Days <0.04 | <0.5 X 102 0.2 3 X102 0.2
3 Days <0.04 | <0.5 X 102 | 1.0 13 X102 | 1
4 Days <0.04 | <0.5 x 102 ! 0.05 (0.6 X 102 | 0.05

% The total immunogenicity (equivalent number of sheep
RBC) is expressed as the percentage of the injected dose of
antigen.

b “Specific’”’ immunogenicity is the immunogenicity per
microgram of nitrogen.

¢ The sum of the immunogenicities of liver and spleen ex-
pressed as the percentage of the injected dose of antigen.

antigen by rat spleen, support the view that at
least two mechanisms exist for handling particu-
late antigens in this antibody-producing organ.
The first is ascribed to the activity of true phago-
cytic cells which localize antigens in their cyto-
plasmic organelles, phagolysosomes, and quickly
degrade the ingested antigen and release the
products of degradation (65). It explains the
rapid inactivation of sheep RBC immunogenicity
(Table S) as well as the elimination, in 1 or 2 days,
of most of the sequestered radioactivity labeled
antigen (27, 46) from the macrophages of the
marginal zone and the red pulp. Furthermore, the
rapid inactivation of foreign red cell immuno-
genicity by phagocytes of the liver (column 2,
Table 5) and by cells from the peritoneal cavity
(18, 48), the destruction of the antibody-inducing
activity of a soluble antigen by peritoneal macro-
phages (62), and the presence of antigens within
phagolysosomes of cells in the marginal zone of
the spleen (59), in the lymph node medulla (43),
and in the peritoneal cavity (8, 13), all support
the hypothesis that macrophages, not only in
Iymphoid tissues but in other parts of the organism
as well, act primarily as scavengers when con-
fronted with degradable antigens.

A key finding of this investigation is that a small
but significant portion of a degradable antigen
taken up by an immunocompetent organ is
retained for an extended period in an immuno-
genic form. Thus, approximately 109, of the
antigen sequestered by the spleen after a single
dose of 2 X 10% sheep RBC is retained in an
immunogenic form for at least 7 days (Table 5,
Fig. 7A). These results are in essential agreement
with those of Britton et al. (6) depicting the re-
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tention of this immunogen by lethally irradiated
mice for at least 14 days. The slight discrepancy
in the times of immunogen retention may be
explained, as previously expressed by these
authors, by differences in sensitivity of the test
system employed for immunogenic assay, and by
the possibility of certain degrative processes
occurring in vivo in a recipient animal which
might destroy properties of the antigen molecule
necessary for the induction of an immune re-
sponse. It is now recognized that a number of
antigens, which are retained by the spleen for
prolonged periods, are localized in lymphoid
follicles (27, 46, 58), primarily on the surface of
infoldings of the plasma membrane of “dendritic
reticular cells” which form a web within the
germinal centers of lymphoid tissues (44, 59),
in close association with lymphocytes and im-
munoblasts. In addition, it has also been pro-
posed that extralysosomal sites for antigen
sequestration also exist in phagocytic cells (8)
with demonstrable immunogenic material re-
tained on the plasma membrane (62), and of
antigen label associated with the nuclear fraction
of macrophages (32). Moreover, it is becoming
evident that antigens also bind specifically to
membranes of certain lymphocytes (1, 57). All
such antigens or antigenic determinants, removed
from the degradative action of the lysosomal
enzymes of macrophages, would be in a position
to exert their immunological specificities on
immunocompetent cells, and consequently, as
postulated by numerous investigators, to play a
vital role in immune phenomena. Whether the
prolonged retention of sheep RBC immunogens
by the spleen represents an attachment of anti-
genic determinants to macrophages, dendritic
reticular cells, or lymphocytes, or possibly to all
three cell types, remains to be seen. The close
association of retained sheep cell immunogens
with a “nonadherent” cell population obtained
from spleens of antigen-injected mice, reported
recently by this laboratory (R. J. Bachvaroff
and R. E. Franzl, Fed. Proc. 29:825, 1970),
suggests that lymphoid cells might play an im-
portant role in vivo in protecting these bio-
logically active compounds from the degradative
action of tissue phagocytes. Immunogens have
also been found associated with the plasma mem-
brane of peritoneal cells after the endocytosis of
sheep RBC in vitro (10).

The significant level of immunogenicity re-
tained by the spleen during the period from 1 to
3 days after the injection of sheep erythrocytes is
associated primarily with a subcellular particle
possessing the sedimentation characteristics of
“light mitochondria” (Table 3). Because of the
many types of cells present in lymphoid tissue,
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this fraction, which normally is rich in lysosomes
and phagolysosomes (65), is very heterogeneous
when obtained from the spleen (4). Moreover, it
contains membranes, and, as shown by recent
isopycnic centrifugation studies, a major part of
the foreign red cell immunogens retained by the
spleen is associated primarily with the mem-
branes separated from “L” fractions of lymphoid
cells obtained from this organ (R. Bachvaroff
and R. E. Franzl, in preparation). Similar findings
of Ada and Williams (3) demonstrated a firm
binding of a serologically active material derived
from the injected isotopically labeled bacterial
flagella to cell residues, presumably membranes,
associated with lysosomal-like particles of lymph
nodes. It is therefore highly probable that the
localization of sheep RBC immunogenicity in
spleen “L” fractions represents retained im-
munogenic material attached to membranes which
have accompanied the cytoplasmic fraction
through the steps of its preparation. The con-
tinued study of the biochemical and immunologi-
cal properties of these membranes is warranted,
since these structures are intimately linked with
the intercellular transmission of specific antigenic
information for stimulating and maintaining im-
mune reactions.

Immunogenic materials have also been demon-
strated in subcellular fractions obtained from
lymphoid tissues of antigen-injected animals of
several species (50, 61, 63). Thus, spleen ‘“L”
fractions prepared from rats 1 day after the injec-
tion of sheep RBC were immunogenic in both
normal and sensitized recipients, whereas those
obtained 3 days after antigen, in the presence of
actively produced antibody, did not stimulate
responses in normal animals but retained their
capacity to do so in previously immunized rats
(50). These findings are at variance with the find-
ings of the inability of 1- and 3-day mouse spleen
“L” fractions, obtained both in the absence and
in the presence of circulating antibody (see Fig. 7),
to elicit responses in normal mice, and the
demonstration of the ability of both fractions to
induce the formation of secondary hemolysins.
In addition, immunogenic “lysosomal’’ prepara-
tions have been derived from liver and spleen of
rabbits up to 21 days after the injection of sheep
RBC (61). The differences in immunogenic
activity of sheep RBC retained by various animal
species undoubtedly reflect the variety of reac-
tivities, of stabilities, and, possibly, of “process-
ing” pathways of the many antigenic determinants
present on sheep erythrocytes. These differences
suggest that, in a number of species, antibody
production to this particulate antigen is elicited
by dissimilar immunogenic determinants. Others
(63), by comparing the antibody-inducing capa-
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F1G. 7. Retention of heterologous red cell immunogens by the spleen (A) and the accompanied production of
splenic antibody-producing cells (B) and of serum hemolysins (C) after the injection of 2 X 10® sheep RBC. Each

point represents an average of several experiments.

bilities of a “large granular” cytoplasmic fraction
obtained from spleens and livers of guinea pigs 1
and 48 hr after injecting bacteriophage, have
suggested an immunological processing of re-
tained immunogen.

In contrast to the prolonged retention of sheep
red cell immunogens by the spleen, the liver of
mice was found to destroy rapidly the bioloigical
activity of the injected heterologous cell. Thus,
609, of the immunogenic dose sequestered by the
liver’s phagocytic cells 1 hr after antigen ad-
ministration is reduced to a subthreshold level
(below 0.049, of the given antigen) in 12 hr (see
column 2, Table 5). In contrast, reports from
other laboratories have shown that livers of
guinea pigs still contained immunogenic material
48 hr after injection of bacteriophage (63), and
those of rabbits harbored immunogenically
active #S-labeled diazotized proteins for at least
24 hr (19). These longer periods of immunogen
retention undoubtedly reflect differences in the
handling of dissimilar antigens by this organ in
the animal species employed. Furthermore,

Garvey has shown (20) that, as a consequence of
secondary antigenic challenge, a portion of the
isotopically labeled antigen retained by the liver
is released into the blood stream and subse-
quently becomes localized in lymphoid tissues.
Since immunogens with sheep erythrocyte
specificities were not detectable in livers of
normal and of presensitized control mice directly
before challenge, it follows that an analogous
transfer of foreign red cell immunogenicity from
liver to spleen did not occur within the detection
limits of the assay system employed. In view of
this, liver-retained antigens did not contribute
to the reported amounts of foreign erythrocyte
immunogens present in the spleens of mice in-
jected with sheep red cells. Further, the spleen
and liver differ markedly in their initial trapping
efficiencies for heterologous erythrocyte im-
munogens. As shown by the data in columns 3
and 5 of Table 5, the spleen sequesters, per
weight of tissue, approximately 10 times as much
immunologically active antigen as the liver. These
findings, as well as earlier reports of the unequal
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retention of a variety of radioisotopically labeled
particulate antigens by these organs in several
animal species (12, 15, 27), and of the well-
known differences in the abilities of these organs
in mice to process serologically active strepto-
coccal cell wall antigens (51) and to retain heter-
ologous immune complexes (38), all point to the
diverse handling of immunologically significant
materials by the liver and the spleen.

Only a minute proportion of the originally
administered immunogen plays a significant role
in the immune response (16, 34). The retention,
by an immunocompetent organ, the spleen, of
approximately 19, or less of the dose of an easily
degradable antigen in an immunogenic form
during the early periods of an immune response
(column 6, Table 5) tentatively suggests the
possibility that this biologically active material
plays a significant role in stimulating and main-
taining the immune reactions in this organ.
Thus, the properties, fate, and probable sites of
localization of captured sheep RBC immunogens
correlate well with the known cellular events in
the spleen which lead to the eventual production
of specific immunoglobulins. It is highly probable
that a portion of the injected heterologous
erythrocytes undergo immediate lysis upon
reaching the spleen (33), while phagocytes present
in the red pulp and in the marginal zone take up
the foreign cells (28, 46), and, within several
hours, destroy most of their immunogenic ac-
tivity (Fig. 7A). The fact that immunogens, iso-
lated 1 hr after antigen injection, are capable of
stimulating both primary and secondary immune
responses seems to indicate that, at this time,
antigenic fragments have not as yet been fully
degraded by macrophages, or that immunogenic
materials have possibly been retained on the sur-
faces of these tissue phagocytes (62), or that
immunogens have become specifically attached
1o specialized cells with immune receptors specific
for sheep erythrocytes (54). It is not clear at
present exactly when and how the tertiary struc-
ture of an immunogen is presented to the antigen-
sensitive cell. Nevertheless, by 24 hr when sheep
cell immunogens, capable of inducing secondary
immune responses, are primarily associated with
the membranes of lymphoid cells (Bachvaroff
and Franzl, Fed. Proc. 29:825, 1970), antigen-
binding thymus-derived small lymphocytes of
the spleen become specifically stimulated to give
rise to large pyroninophilic cells (39, 40). Some
of these cells, which have previously been de-
scribed in the marginal zone of the mouse’s
spleen (23, 36), then appear to differentiate into
small lymphocytes (40), possibly the very same,
early-primed memory cells found in the spleens
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of mice (52; T. H. Carter and R. E. Franzl,
Fed. Proc. 27:493, 1968) and rabbits (9) on the
second day after giving sheep RBC, whereas the
remainder later transform into antibody-produc-
ing cells (23, 36). At this time, 2 days after antigen
injection, the spleen contains an appreciably
lower content of sheep RBC immunogens than
on days 1 and 3 (Fig. 7A), an observation further
accentuated by the striking differences between
1- and 3-day immunogenic “L” fractions in their
susceptibilities to inactivation by antiserum and
by a surface-active agent (Table 4). Both findings
indicate that changes in the phyiscal and sero-
logical properties of retained immunogens are
taking place during the period from 1 to 3 days
after antigen administration. Furthermore, the
changes in the immunogen on the third day,
resulting from its possible interaction with the
actively produced immunoglobulin M (IgM)
antibody (Fig. 7B), might also reflect a relocation
of reactive material, originally associated with
cells of the marginal sinus, to the antibody-
dependent sites in lymphoid follicles (reviewed in
24), in a manner analogous to the reported migra-
tion of labeled flagella in the rat spleen (28).
The resulting follicular localization of an im-
munogen of high activity might well be required
to stimulate the precursors of IgG anti-sheep
hemolysin-producing cells, which make their
appearance on day 4 in the mouse. However, it
still remains to be proven whether a specialized
localization of biologically active immunogens in
the spleen can be identified with the postulated
immunological activities of labeled antigen local-
ized in specific areas of lymph nodes of the rat (2).
The sudden drop in sheep cell immunogenicity on
day 4, concomitant with the peak of IgM antibody
production (Fig. 7A and B), suggests a formation
of specific immune complexes, analogous to those
which similarly inhibit immune responses in
rabbits (47), which, by effectively decreasing the
concentration of immunogenic determinants,
result in the early shutting off of IgM production
in the spleen. The continued rise in the titer of
serum hemolysins after this time (Fig. 7C) un-
doubtedly represents the continued production of
IgG immunoglobulins by long-lived cells.

In line with the above considerations, it is
reasonable to assume that the relatively long-
lived immunogenic stimulus retained by the
spleen permits an efficient transmission of anti-
genic information to antigen-sensitive cells, and
favors the subsequent differentiation and pro-
liferation of these cells into the specific popula-
tions which establish immediate and long-term
immunity in the organism.



VoL. 6, 1972

ACKNOWLEDGMENTS

I am most grateful to Josephine A. Morello for performing the
hemolysin plaque assays. I also thank Eva Leckband for assisting
with some of the serum antibody titrations, and Joseph Primosigh
for performing some of the nitrogen determinations. The invalu-
able technical assistance of Violet Satory and Gloria S. Lee is also
gratefully aknowledged.

The work pr d in this comr ion was supported by
Public Health Service research grant AI-03297-04 AIA from the
National Institute of Allergy and Infectious Diseases.

LITERATURE CITED

1. Ada, G. L. 1970. Antigen binding cells in tolerance and im-
munity. Transplant. Rev. 5:105-127.

2. Ada, G. L., P. G. Lang, and G. Plymin. 1968. Antigen in
tissues. V. Effect of endotoxin on the fate of, and on the im-
mune response to, serum albumin and to albumin-antibody
complexes. Immunology 14:825-836.

3. Ada, G. L., and J. M. Williams. 1966. Antigen in tissues. L.
State of bacterial flagella in lymph nodes of rats injected

IMMUNOGENS IN LIVER AND SPLEEN

481

phagocytes on antibody production. J. Reticuloendothel.
Soc. 3:351.

19. Garvey, J. S. 1968. On the role of antigen fragments and RNA
in the immune response of rabbits to a soluble antigen, p.
487-504. In O. J. Plescia and W. Braun (ed.), Nucleic acids
in immunology. Springer Verlag, New York.

20. Garvey, J. S., and D. H. Campbell. 1966. Autoradiographic
investigation of tissues after primary and multiple antigenic
stimulation of rabbits. Nature (London) 209:1201-1202.

21. Gierer, A., and G. Schramm. 1956. Infectivity of ribonucleic
acid from tobacco mosaic virus. Nature (London) 177:702—
703.

22. Halpern, B. N., G. Biozzi, B. Benaceraff, and C. Stiffel. 1957,
Phagocytosis of foreign red blood cells by the reticuloendo-
thelial system. Amer. J. Physiol. 189.520-526.

23. Hanna, M. G., Jr. 1965. Germinal center changes and plasma
cell reaction during the primary immune response. Int.
Arch. Allergy 26:230-251.

24. Hanna, M. G., Jr., and R. L. Hunter. 1971. Localization of
antigen and immune complexes in lymphatic tissue, with

with isotopically-labelled flagella. Immunology 10:417-429.
4. Bowers, W. E., and C. de Duve. 1967. Lysosomes in lymphoid
tissue. I1I. Influence of various treatments of the animals on
the distribution of acid hydrolases. J. Cell Biol. 32:349-364.
5. Branster, M. V., and R. K. Morton. 1956. Comparative rates
of synthesis of diphosphopyridine nucleotide by normal and
tumor tissue from mouse mammary gland: studies with
isolated nuclei. Biochem. J. 63:640-646.
6. Britton, S., T. Wepsic, and G. Mdller. 1968. Persistence of
immunogenicity of two complex antigens retained in vivo.
Immunology 14:491-501.
7. Campbell, D. J., and J. S. Garvey. 1963. Nature of retained
antigen and its role in immune mechanisms. Advan. Im-
munol. 3:261-313.
8. Catanzaro, P. J., R. C. Graham, Jr., and H. W. Schwartz.
1969. Ultrastructural identification of possible sites of anti-
gen pre in macroph J. I 1. 103:618-621.
9. Cohen, M. W, E. B. Jacobson, and G. T. Thorbecke. 1966. v-
Globulin and antibody formation in vitro. V. The secondary
response made by splenic white and red pulp with reference
to the role of secondary nodules. J. Immunol. 96:944-952.
10. Cruchaud, A., and E. M. Unanue. 1971. Fate and immuno-
genicity of antigens endocytosed by macrophages, p. 187-
195. In K. Lindahl-Kiessling, G. Alm, and M. G. Hanna,
Jr. (ed.), Morphological and functional aspects of immunity.
Plenum Press, New York.

de Duve, C., B. C. Pressman, R. Gianetto, R. Wattiaux, and
F. Appelmans. 1955. Tissue fractionation studies. VI. In-
tracellular ditribution patterns of enzymes in rat liver tissue.
Biochem. J. 60:604-617.

12. Dixon, F. G, S. C. Bukantz, G. J. Dammin, and D. W. Tal-
mage. 1951. Fate of It21 Jabelled bovine gamma globulin in
rabbits. Fed. Proc. 10:553-557.

13. Essner, E. 1960. An electronmicroscopic study of erythro-
phagocytosis. J. Biophys. Biochem. Cytol. 7:329-334.

14. Felton, L. D., B. Prescott, G. Kauffmann, and B. Ottinger.
1955. Pneumococcal antigenic polysaccharide substances
from animal tissues. J. Immunol. 74:205-213.

15. Fitch, F. W., P. Barker, K. H. Soules, and R. W. Wissler.
1953. A study of antigen localization and degradation and

11.

—

ial reference to germinal centers, p. 257-279. In K.
Lmdahl -Kiessling, G. Alm, and M. G. Hanna, Jr. (ed.),
Morphological and functional aspects of immunity. Plenum
Press, New York.

25. Hanna, M. G., P. Nettesheim, and M. W. Francis. 1969. Re-
quirement for continuous antigenic stimulation in the de-
velopment and differentiation of antibody forming cells.
The effect of passive antibody on the primary and secondary
response. J. Exp. Med. 129:953-971.

26. Humphrey, J. H. 1960. Methods for detecting foreign antigens
in cells, and their sensitivity, p. 44-50. In M. Holub and L.
Jaroskova (ed.), Mechanisms of antibody formation.
Czechoslovak Academy of Sciences, Prague.

27. Hunter, R. L., Jr 1966. Two patterns of splenic phagocytosis.
Cc ive localization of I!% flagellar antigen and ti-
tanium dioxide in the rat spleen. The New Physician 15:111-
119.

28. Hunter, R. L., R. W. Wissler, and F. W. Fitch. 1969. Studies
on the kinetics and radiaticn sensitivity of dendritic macro-
phages, p. 101-111. In L. Fiore-Donati and M. G. Hanna,
Jr. (ed.), Lymphatic tissue and germinal centers in immune
response. Plenum Press, New York.

29. Jerne, N. K. 1967. Summary: waiting for the end. Cold Spring
Harbor Symp. Quant. Biol. 32:591-603.

30. Jerne, N. K., A. A. Nordin, and C. Henry. 1963. The agar
plaque technique for recc antibody producing cells,
p. 109-116. In B. Amos and H Koprowski (ed.), Cell bound
antibodies. The Wistar Institute Press, Philadelphia.

31. Jilek, M., and J. Sterzl. 1967. Influence of the amount of anti-
gen and the interval on the secondary reaction. Folia Micro~
biol. 12:6-20.

32. Kolsch, E., and N. A. Mitchison. 1968. The subcellular dis-
tribution o. antigen in macrophages. J. Exp. Med. 128:1059—
1079.

33. Litt, M. 1967. Studies of the latent period. I. Primary antibody
in guinea pig lymph nodes 74 minutes after introduction of
chicken erythrocytes. Cold Spring Harbor Symp. Quant.
Biol. 32:477-492.

34. McConabhey, P. J., J. C. Cerottini, and F. J. Dixon. 1968. An
approach to the quantitation of immunogenic antigen. J.
Exp. Med. 127:1003-1011.

the histologic reaction in the spleen of normal, X-irradiated,
and spleen-shielded rats. J. Lab. Clin. Med. 42:598-620.

16. Franzl, R. E. 1962. I »genic subcellular particles ob-
tained from spleens of antigen-injected mice. Nature (Lon-
don) 195:457-458.

17. Franzl, R. E.,, and P. D. McMaster. 1968. The primary im-
mune response in mice. I. The enhancement and suppression
of hemolysin production by a bacterial endotoxin. J. Exp.
Med. 127:1087-1107.

18. Franzl, R. E.,and J. A. Morello. 1966. The effect of peritoneal

35. McMaster, P. D., and J. L. Edwards. 1957. Impairment of the
antigenicity of a protein antigen following its injection into
rabbits. J. Exp. Med. 106:219-232.

36. McMaster, P. D., and R. E. Franzl. 1968. The primary im-
mune response in mlce. I Cellular responses of lymphoid
tissues accomg the or cc )! sup-
pression of antibody formation by a bacterial endotoxin.
J. Exp. Med. 127:1109-1126.

37. Mannik, J. A, and R. H. Egdahl. 1962. Ribonucleic acid in
“transformation” of lymphoid cells. Science 137:976-977.




482

38.

39.

41.

42,

43.

45.

47.

48.

49.

50.

51,

Mellors, R. C., and W. J. Brzosko. 1962. Studies in molecular
pathology. I. Localization and pathogenic role of heterol-
ogous immune complexes. J. Exp. Med. 115:891-902.

Miller, J. F. A. P. 1971. Interactions between T cells and B cells
in humoral antibody responses, p. 93-102. /n K. Lindahl-
Kiessling, G. Alm, and M. G. Hanna, Jr. (ed.), Morpho-
logical and functional aspects of immunity. Plenum Press,
New York.

. Miller, J. F. A. P,, and G. F. Mitchell. 1969. Interaction be-

tween two distinct cell lineages in an immune response, p.
455-463. In L. Fiore-Donati and M. G. Hanna, Jr., (ed.),
Lymphatic tissue and germinal centers in immune re-
sponse. Plenum Press, New York.

Mitchison, N. A. 1965. Recovery from immunological paraly-
sis in relation to age and residual antigen. Immunology 9:
129-138.

Morton, R. K. 1955. Some properties of cow’s milk and calf
intestinal mucosa. Biochem. J. 69:573-582.

Nossal, G. J. V., A. Abbot, and J. Mitchell. 1968. Antigens in
immunity. XIV. Electron microscope radioautographic
studies of antigen capture in the lymph node medulla. J.
Exp. Med. 127:263-276.

. Nossal, G. J. V., A. Abbot, J. Mitchell, and Z. Lummus. 1968.

Antigens in immunity. XV. Ultrastructural features of anti-
gen capture in primary and secondary lymphoid follicles.
J. Exp. Med. 127:277-290.

Nossal, G. J. V., C. M. Austin, and G. L. Ada. 1965. Anti-
gens in immunity. VII. Analysis of immunological memory.
Immunology 9:333-348.

. Nossal, G. J. V., C. M. Austin, J. Pye, and J. Mitchell. 1966.

Antigens in immunity. XII. Antigen trapping in the spleen.
Int. Arch. Allergy 29:368-383.

Pearlman, D. S. 1967. The influence of antibodies on immuno-
logical responses. I. The effect on the response to particulate
antigen in the rabbit. J. Exp. Med. 126:127-148.

Perkins, E. H. 1970. Digestion of antigen by peritoneal
macrophages, p. 562-578. In R. van Furth (ed.), Mono-
nuclear phagocytes. F. A. Davis Co., Philadelphia.

Richter, M., S. Zimmerman, and F. Haurowitz. 1965. Rela-
tion of antibody titer to persistence of antigen. J. Immunol.
94:938-941.

Rowley, D. A, and F. W. Fitch. 1968. Clonal selection and
inhibition of the primary antibody response by antibody, p.
127-140. In B. Cinader (ed.), Regulation of the antibody re-
sponse. Charles C Thomas, Publisher, Springfield, Ill.

Schwab, J. H., and R. R. Brown. 1968. Modification of anti-
genic structure in vivo: quantitative studies of the processing

FRANZL

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

INFECT. IMMUNITY

of streptococcal cell wall antigens in mice. J. Immunol. 101:
93)-938.

Sercarz, E. E., and V. A. Byers. 1967. The X-Y-Z scheme of
immunocyte maturation. III. Early IgM memory and the
nature of the memory cell. J. Immunol. 98:836-843.

Stavitsky, A. B. 1954. Participation of the popliteal lymph
node and spleen in the production of diptheria antitoxin in
the rabbit. J. Infec. Dis. 94:306-318.

Stejskal, R., and F. W. Fitch. 1970. Tissue agglutination reac-
tion with normal rat spleen. J. Reticuloendotheal. Soc. 7:
121-125.

Sterzl, J. 1959. Presence of antigen—a factor determining the
duration of antibody formation by transferred cells. Nature
(London) 183:547-548.

Sterzl, J. 1967. Factors determinining the differentiation path-
ways of immunocompetent cells. Cold Spring Harbor Symp.
Quant Biol. 32:493-506.

Sulitzeanu, D. 1968. Affinity of antigen for white cells and its
relation to the induction of antibody formation. Bacteriol.
Rev. 32:404-424.

Sweet, L. C., G. D. Abrams, and A. G. Johnson. 1965. The
fate of radioactive bovine y-globulin during the primary
antibody response in the mouse. J. Immunol. 94:105-110.

Szakal, A. K., and M. G. Hanna, Jr. 1968. The ultrastructure
of antigen localization and virus-like particles in mouse
spleen germinal centers. Exp. Mol. Pathol. 8:75-89.

Taliaferro, W. H., and L. G. Taliaferro. 1950. Dynamics of
hemolysin formation in intact and splenectomized rabbits.
J. Infect. Dis. 87:37-62.

Uchitel, 1. Y., E. L. Khasman, L. G. Zaitseva, and G. V.
Shunakova. 1969. Preservation of an antigen in lysosome
and RNA fractions of the spleen and liver of rabbits during
antibody formation. Zh. Mikrobiol. Epidemiol. Immuno-
biol. No. 8:12-17.

Unanue, E. R, and J. C. Cerottini. 1970. The immunogenicity
of antigen bound to the plasma membrane of macrophages.
J. Exp. Med. 131:711-725.

Uhr, J. W., and G. Weissmann. 1965. Intracellular distribu-
tion and degradation of bacteriophage in mammalian tissues.
J. Immunol. 94:544-550.

. Weigle, W. O. 1966. Persistence of immunological memory to

soluble protein antigen. Immunology 10:377-382.
Weissmann, G., and P. Dukor. 1970. The role of lysosomes in
immune responses. Advan. Immunol. 12:283-331.
Wooles, W. R, A. E. Munson, and W. Regelson. 1970. The
relation between splenic phagocytosis and antigen forma-
tion. J. Reticuloendothel. Soc. 7:646.



