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Studies were conducted to address further the role(s) of antigen processing and
presentation in the induction of immune responses in a phylogenetically lower
vertebrate, specifically a teleost, the channel catfish. In particular, studies were aimed at
determining the subcellular compartments involved in antigen degradation by channel
catfish antigen-presenting cells (APC) as well as ascertaining the reexpression of
immunogenic peptides on the surfaces of APC. The results showed that exogenous
protein antigens were actively endocytosed by APC as detected by flow cytometry. Use
of radiolabeled antigen and subcellular fractionation protocols also showed that antigen
localized in endosomes/lysosomes. Furthermore, there was an apparent redistribution
of antigen between these organelles and the plasma membrane during the course of
antigen pulsing. Functional assays for the induction of in vitro antigen-specific
proliferation of immune catfish peripheral blood leukocytes (PBL) showed that
membrane preparations from antigen-pulsed autologous APC were highly stimulatory.
The magnitude of responses elicited with such membrane preparations was very similar
to that of PBL cultures stimulated with native antigen-pulsed and fixed intact APC or
prefixed intact APC incubated with a peptide fragment of the nominal antigen. Current
data further corroborate our previous findings that steps akin to antigen processing and
presentation are clearly important in the induction of immune responses in lower
vertebrates like fish, in a manner similar to that seen in mammalian systems.
Consequently, it would appear that many immune functions among the diverse taxa of
vertebrates are remarkably conserved.
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INTRODUCTION

Phylogenetic studies on the vertebrate immune
system have revealed a remarkable conservation
of immune functions (Du Pasquier, 1989). For
example, substantial evidence documents the
existence of interacting subpopulations of T cells
and B cells as well as the requirement for
monocytes/macrophages in the induction of
immune responses in the channel catfish
(Ictalurus punctatus Raf.), a phylogenetically
lower ectothermic vertebrate (reviewed in Clem
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et al., 1991). Perhaps with the exception of the
clawed toad, Xenopus sp., the cellular mechan-
isms of immunity (Clem et al., 1991) as well as
the structure and genetic organization of im-
munoglobulins (reviewed in Wilson and Warr,
1992) among the lower vertebrates is best under-
stood in the channel catfish. In an attempt to
further dissect the intricacies of the teleost
immune system, we have recently described an
experimental system to study the role(s) of
antigen processing and presentation in the chan-
nel catfish (reviewed in Vallejo et al., 1992a). The
results have clearly showed that induction of
channel catfish immune responses to exogenous
thymus-dependent (TD) protein antigens
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requires steps akin to antigen processing and
presentation. As in mammals (Yewdell and
Bennick, 1990), these immunologic events in cat-
fish (a) require viable antigen-presenting cells
(APC); (b) are inhibited with lysosomotropic
agents, protease inhibitors, and ionophore, and
(c) involve degradation of nominal antigen
(Vallejo et al., 1990, 1991a, 1991b). In addition,
the requirement in catfish for antigen processing
can be bypassed by the presentation of peptide
fragments (derived by in vitro chemical cleavage
of nominal antigen) by fixed APC to autologous
responders (Vallejo et al., 1991b). These results
suggest that antigen processing by catfish APC
likely involves endosomal (or phagolysosomal)
compartments. Furthermore, the ability of
antigen-pulsed and fixed APC to elicit antigen-
specific in vitro immune responses by autologous
peripheral blood leukocytes (PBL) also suggests
that the end result of intracellular processing of
nominal antigen likely involves reexpression of
immunogenic peptides on the surfaces of APC.
Consequently, the current study was conducted
to ascertain the subcellular localization of antigen
within catfish APC during processing and to
determine whether or not the stimulatory
capacity of antigen-pulsed APC is truly attribu-
table to "naturally processed" antigens.

RESULTS

Antigen Uptake by Catfish APC is an Active
Endocytic Process

As demonstrated in previous studies (Vallejo et
al., 1990, 1991b, 1992b), antigen-pulsing protocols
for catfish APC allowed internalization of
antigen. Such events invariably resulted in the
intracellular degradation of the antigen. To
further explore this observation, experiments
(using flow cytometry protocols) were conducted
to ascertain whether or not antigen uptake by
catfish APC is an active process. Cells (i.e., mono-
cyte lines) were incubated with fluorescein iso-
thiocyanate (FITC)-labeled antigen for 60 min at
4C or 27C, washed extensively with cold
medium, and placed on ice. Cells were trans-
ferred to the sample compartment of the flow
cytometer that was maintained at 4C. Results
showed that cells incubated with antigen at 4C
exhibited high fluorescence intensity (mean

relative fluorescence at 91.2, as depicted in Fig.
1), indicating antigen binding. However, the sig-
nal was completely quenched when crystal violet
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FIGURE 1. Fluorescence profiles of catfish APC (monocyte
line M22) incubated with FITC-EqMb at 4C. Cells were
incubated with antigen in the presence (bottom panel) or
absence (top panel) of sodium azide, washed, and subjected to
flow cytometry. The sample compartment of the
cytofluorograph was maintained at 4C during analysis.
Histograms presented are fluorescence profiles of cells
analyzed with or without the addition of crystal violet (CV).
Addition of chloroquine did not alleviate signal quenching due
to crystal violet. MFL (mean fluorescence) values indicated
were based on total fluorescence detected (in all 200 channels).
Dotted vertical line (channel 20) demarcates intrinsic
fluorescence of unstained cells.
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was added to the cells (mean relative fluor-
escence of 19.8). Addition of chloroquine did not
recover the signal that was quenched by crystal
violet, suggesting that the cells did not endocy-
tose antigen at 4C. Similar results were obtained
with cells assayed in the presence of 0.02%
sodium azide. In contrast, cells incubated with
antigen at 27C exhibited low fluorescence inten-
sity (mean relative fluorescence at 22.5, as
depicted in Fig. 2). Addition of crystal violet had
little effect on the signal, but addition of chloro-
quine resulted in an increase in the fluorescence
signal to levels similar to those of cells incubated
with FITC antigen at 4C (i.e., recovered mean
relative fluorescence of 80.6). Furthermore, cells
incubated with the antigen at 27C in the pres-
ence of sodium azide exhibited fluorescence pro-
files similar to those cells incubated with antigen
at 4C regardless of the presence of sodium azide
(i.e., mean relative fluorescence of 114.8, which
was reduced to 22.6 in the presence of crystal
violet).
The differences in the fluorescence profiles of

catfish APC at 4C and 27C suggested that the
decreased fluorescence at 27C was attributable
to quenching due to endocytosis. Alternatively,
the surface-bound fluorescence at 4C may have
been shed by the cells upon incubation at 27C.
To address these issues, temperature-shift exper-
iments were conducted wherein cells were
initially incubated with FITC-labeled antigen at
4C and subsequently warmed to 27C for 30 min.
The results showed significantly lower fluor-
escence intensities (mean relative fluorescence of
47.4, as depicted in Fig. 3) compared to that of
cells incubated with antigen at 4C, but were
similar to those of cells incubated at 27C.
Addition of crystal violet to the cells further
quenched the signal (to a mean relative fluor-
escence of 37.1). However, addition of chloro-
quine resulted in the recovery of the fluorescence
signal (i.e., mean relative fluorescence 105.3) with
negligible quenching in the presence of crystal
violet (mean relative fluorescence only reduced
to 93.2) similar to that seen with cells incubated
with antigen at 27C and treated with chloro-
quine and crystal violet (refer to Fig. 2). Total flu-
orescence intensities were recovered to levels
seen with cells incubated.with FITC antigen at
4C regardless of the presence of sodium azide.
Quenching of the fluorescence signal during a

temperature shift (i.e., 4 to 27C) was further
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FIGURE 2. Fluorescence profiles of catfish APC (monocyte
line M22) incubated with FITC-EqMb at 27C. Assay
conditions were as in Fig. 1. Histograms presented are
fluorescence profiles of cells analyzed with or without the
addition of crystal violet (CV) and/or chloroquine (CH). MFL
(mean fluorescence) values indicated were based on total
fluorescence detected (in all 200 channels). Dotted vertical line
(channel 20) demarcates intrinsic fluorescence of unstained
cells. Top and middle panels: control cells; bottom panel:
sodium azide-treated cells.
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studied Cells were continuously analysed in
timed runs with a corresponding increase in the
temperature of the sample compartment. Analy-
ses of the pulse area of the fluorescence signal
from cells initially incubated with FITC antigen
at 4C showed a slow, but steady decrease in the

fluorescence intensity with time as the tempera-
ture of the sample compartment shifted from 4C
to 27C (Fig. 4). When the temperature stabilized
at 27C (i.e., after 2 min), low fluorescence inten-
sities were observed until the end of the run (i.e.,
up to 3600 s). Addition of chloroquine resulted in
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FIGURE 3. Fluorescence profiles of catfish APC (monocyte
line M22) incubated with FITC-EqMb at 4C and shifted to
27C. Cells were incubated with antigen at 4C, washed, and
transferred to 27C for 30 min. Assay conditions were as in Fig.
1. Histograms presented are fluorescence profiles of cells
analyzed with or without the addition of crystal violet (CV)
and/or chloroquine (CH). MF.L (mean fluorescence) values
indicated were based on total fluorescence detected (in all 200
channels). Dotted vertical line (channel 20) demarcates
intrinsic fluorescence of unstained cells. Top panel: control
cells; bottom panel: sodium azide-treated cells.
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FIGURE 4. Pulse area analysis of fluorescence profiles of
endocytosis by catfish APC (monocyte line M22). Cells were
incubated with FITC-EqMb at 4C in the presence (bottom
panel) or absence (top panel) of sodium azide, washed, and
transferred to the sample compartment of the flow cytometer.
Analyses of the pulse areas of the fluorescence signals over
3600 s were carried out with a corresponding temperature shift
in the sample compartment from 4C to 27C. At the 27C zone,
analyses were quickly interrupted for a brief period and
chloroquine (CH) and/or crystal violet (CV) added (indicated
by arrow). Plots presented were computer-averaged data from
cytograms.
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rapid recovery of the signal. Concomitant
addition of crystal violet had a negligible effect.
In contrast, cells assayed in the presence of
sodium azide showed high fluorescence inten-
sities that were maintained during the course of
the run, but were significantly quenched in the
presence of crystal violet. Similar results were
obtained when the pulse widths of the fluor-
escence signals were analyzed (Fig. 5).
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FIGURE 5. Pulse width analysis of fluorescence profiles of
endocytosis by catfish APC (rhonocyte line M22). Data
presented were the corresponding pulse widths of
fluorescence signals analyzed in Fig. 4. Top panel: control cells;
bottom panel: sodium azide-treated cells.

Antigen Processing Involves Endosomal
Activity and Antigen Recycling to the APC
Plasma Membrane

To further investigate the cellular fate of antigen,
cell-fractionation studies were conducted at
various times after catfish cells were exposed to
antigen. The strategy involved the use of iso-
pycnic centrifugation of cell homogenates over
(or within) Nycodenz gradients, a water-soluble,
nonionic triiodinated derivative of benzoic acid,
used by others with considerable success for isol-
ating organelles of mammalian cells (Rickwood,
1982; Graham et al., 1990). With a slight modifi-
cation of the protocols (as described in Materials
and Methods), the results showed that Nycodenz
gradients reproducibly separated fractions con-
taining plasma membranes, DNA, mitochondria,
and endosomes/lysosomes from catfish APC as
indicated by the localization of the appropriate
enzyme markers (Figs. 6 and 7). The densities of
the fractions were also easily determined in con-
junction with the enzyme analysis. Like those
seen in studies with mammalian cells (Graham et
al., 1990), the low-speed pellet contained DNA,
"heavy" mitochondria, and plasma membrane.
Presumably, such plasma-membrane fractions
were contiguous sheets of membranes that nor-
mally adhered to nuclei and/or mitochondria
during homogenization, as with mammalian cells
(Ford and Hendriksen, 1989). Fractionation of the
aforementioned organelles was accomplished by
centrifugation of samples introduced into the
middle of a discontinous 10-50% Nycodenz
gradient. On the other hand, the low speed
(postnuclear) supernatant contained endo-
somes/lysosomes and "light" mitochondria.
These two organelles were separated by centri-
fugation of samples layered on continuous
10-50% Nycodenz gradients formed by diffusion.

Cell fractionation of catfish exposed to 14C-
antigen showed localization of radioactivity in
Nycodenz density gradients containing either
endosomes/lysosomes or plasma membranes (as
depicted in Figs. 6 and 7 for a representative of
three experiments). In experiments where cells
were initially incubated with the radiolabeled
antigen at 4C to allow for binding, radioactivity
was localized in the plasma membrane, but not in
endosomes/lysosomes, as expected. Subsequent
incubation of cells at 27C revealed a progressive
decrease in membrane-bound radioactivity with
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FIGURE 6. Subcellular fraction- .@.@
ation of a posthomogenization low-
speed pellet from catfish APC
(monocyte line C24) previously ._, U \A, ",
incubated with 1,C_pCytC. APC cell
suspensions (cultures of lxl07 0.060 .Q,,,I,I,.()cells/ml CFRPMI) were incubated 0.060

.-10.04washed, and transferred to 27C. At 0.030 O
the indicated times, five cultures .: 0.020 o I:S_,

centrifuged at I000 g for 5 min at
4C. The pellet was collected and -,.

introduced into the middle of a dis-
continuous 10-50% Nycodenz O O---O 0
gradient. Top panel: estimated post-
centrifugation densities of 10-50%
Nycodenz gradient. Middle panel:
cell organelle enzyme marker assays
of Nycodenz gradients after centri-
fugation. Enzymes assayed were 5’-
nuc]eotidase p a ma membrane A
and succinate reductase for mito-
chondria. Bottom panel: liquid scin-
tillation spectrometry of Nycodenz
gradients after centrifugation. All
values indicated were means of trip-
licate samples per gradient fraction.
S.D. in each case was <-15% of the
mean. Data presented were 0

measurements based on approxi-
mately 5X10 cell equivalents.

a corresponding increase in endosome/
lysosome-associated radioactivity. Approxi-
mately 32% of the initial total cell-associated
radioactivity was retained in the membrane frac-
tions and a corresponditg 33% was internalized
into endosomes/lysosomes after 3 hr of incu-
bation (Fig. 8). After 5 hr of incubation, there was

an increase in the membrane-bound radioactivity
(about 70% of the initial total cell-associated
radioactivity) and a corresponding decrease in
the radioactivity associated with endo-
some/lysosome fractions (about 15% of the
initial radioactivity). Negligible radioactive sig-
nal (<2% of total radioactivity) was associated
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FIGURE 7. Subcellular fraction-
ation of a posthomogenization low-
speed supernatant from catfish APC
(monocyte line C24) previously
incubated with 14C-pCytC. Post-
homogenization supernatants (from
Fig. 6) were overlaid on a continu-
ous 0-50% Nycodenz gradient. Top
panel: estimated postcentrifugation
densities of 0-50% Nycodenz gradi-
ent. Middle panel: cell organelle
enzyme marker assays of Nycodenz
gradients after centrifugation.
Enzymes assayed were ]/-glucuroni-
dase for lysosomes and succinate
reductase for mitochondria. Bottom
panel: liquid scintillation spec-
trometry of Nycodenz gradients
after centrifugation. All values indi-
cated were means of triplicate
samples per gradient fraction. S.D.
for each case was -<12% of the
mean.

with fractions containing mitochondria and
DNA.

Similar results were obtained with fraction-
ation experiments involving catfish APC incu-
bated with radiolabeled antigen at 27C without

prior exposure at 4C (Fig. 9). Within 1 hr, ~71%
of the initial cell-associated radioactivity
detected was localized in the plasma membrane.
The membrane radioactivity decreased to ~34%
at 3 hr, but an increased signal was detected at
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INCUBATION TIME (min)

FIGURE 8. Kinetics of antigen redistribution between plasma
membrane and lysosomes of catfish APC. Plots indicated were I.
total plasma membrane- and lysosome-associated radioactivity
versus time of incubation, derived from data depicted in Figs.
6 and 7, respectively. Values indicated were total radioactivity
in the top 11 fractions from each density gradient.

5hr (~63% of the initial radioactivity). In
contrast, ~25% of the initial radioactivity was
detected in the endosome/lysosome fractions
within 1 hr of incubation. The signal increased
(to ~63% of the initial radioactivity) after 3 hr
and then decreased (to ~13% of the initial
radioactivity) after 5 hr of incubation.

Membrane Preparations from Antigen-Pulsed
APC are Stimulatory to Autologous Immune
PBL

ABRANE FRACTION

As demonstrated in the foregoing studies, the
apparent reappearance of antigen (or fragments
thereof) raised the issue of whether or not such
"recycled" antigen contained immunogenic
determinants. Results showed that crude mem-
brane preparations from catfish APC previously
incubated with pigeon heart Cytochrome C
(pCytC) elicited the proliferation of autologous
pCytC-immune PBL responders (Fig. 10). The
magnitude of proliferation increased with
increasing amounts of total membrane proteins
added. Such proliferative responses were similar
to those seen with PBL cultured with soluble
pCytC, cells co-cultured with pCytC-pulsed and
fixed APC, or co-cultured with prefixed APC
incubated with pCytC peptide 81-104. In the lat-
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FIGURE 9. Lysosomal and plasma membrane fractionation of
catfish APC (monocyte line C24) incubated with 14C-pCytC.
Cells were incubated with antigen at 27C. At the indicated
times, cells were harvested, washed, and homogenized.
Posthomogenization pellets and supernatants were
fractionated on Nycodenz density gradients as in Figs. 6 and 7.
Data presented were liquid scintillation spectrometry of
gradients after centrifugation. Values indicated were means (+
SD) of triplicate samples per gradient fraction.

ter case, peptide 81-104, either synthetic or
derived from cyanogen bromide (CNBr) frag-
mentation of native pCytC, was immunogenic.
Membrane preparations from APC incubated
with horse striated muscle myoglobin (EqMb),
prefixed native pCytC-incubated APC or
unpulsed APC were nonstimulatory. As
expected, pCytC-immune PBL did not proliferate
in the presence of soluble heterologous antigens
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FIGURE 10. Comparison of the stimulatory capacities of
soluble antigen, APC, and crude APC membranes to pCytC-
immune catfish PBL. Soluble antigens, native pCytC (pigeon),
synthetic peptide 81-104 (PN/s), and peptide 81-104 derived
from CNBr fragmentation of pCytC (PN/c) were added to PBL
cultures at the indicated concentrations (5 or 50 flg/ml). PBL
cultures were also stimulated with native pCytC-pulsed and
fixed autologous APC (monocyte line C4 cells; pf) or prefixed
APC incubated with peptides 81-104 (fp-s and fp-c,
respectively). Separate cultures were stimulated with crude
membrane preparations from pCytC-pulsed C4 cells at the
indicated total membrane protein concentration (5, 10, 25, 50,
100, or 200#g/ml). 3H-thymidine uptake of cultures was
determined after 7 days in culture. Data presented were means
cpm (+S.D.) of triplicate cultures. Unstimulated controls
yielded -<7000 cpm. PBL cultures containing soluble
heterologous antigens (EqMb or HEL), unpulsed/fixed APC,
HEL-pulsed/fixed APC, prefixed/native pCytC-pulsed APC
or membrane preparation from unpulsed APC yielded counts
within 8% of control levels.

or prefixed APC incubated with the
antigen (data not shown).

native

DISCUSSION

The present study underlines the importance of
protein antigen endocytosis, its intracellular pro-
cessing and reexpression of immunogenic pep-
tides on cell surfaces of catfish APC, similar to
the situation in mammals. Flow cytometric tech-
niques revealed that endocytosis by catfish APC
is an active process that requires metabolically
active cells. As shown here, cells treated with
sodium azide, a known respiratory inhibitor,

failed to internalize antigen despite high quan-
tities of membrane-bound antigen. Clearly,
antigen-pulsing protocols employed in previous
studies (Vallejo et al., 1990, 1991a, 1991b, 1992b)
allowed for uptake of antigen. Flow cytometry
data also showed that antigen bound to cell sur-
faces during initial exposure at 4C. This notion
is supported by the observation that the fluor-
escence signals from such cells were quenched in
the presence of crystal violet, similar to the situ-
ation with mammalian cells (Ma et al., 1987).
Subsequent incubation of cells at 27C resulted in
the loss of fluorescence signals; these signals
could be recovered with the addition of chloro-
quine, but not crystal violet. Chloroquine, like
ammonium chloride, is a lysosomotropic agent
that raises endosomal pH (Ohkuma and Poole,
1978; Ziegler and Unanue, 1982; Seglen, 1983;
McCoy, 1990). The acidic intracellular milieu had
been reported to elicit quenching of fluorescence
signals in viable cells (Ortho Instruments, 1987;
Yang et al., 1988). Consequently, the loss of fluor-
escence in catfish cells incubated at 27C was
most likely due to endocytosis and not shedding
of the membrane-bound fluorescence to the
medium. In addition, analysis of the pulse area of
the fluorescence signal (i.e., a measure of the total
amount of cell-associated fluorescence [Cuchens
and Buttke, 1984]) in a timed run showed similar
patterns of decreases in the signal and its recov-
ery in the presence of chloroquine during the
temperature-shift experiments. Similar results
had been reported from patching and capping
studies on membrane immunoglobulins of
murine lymphocytes (Cuchens and Buttke, 1984;
Yang et al., 1988). Whether or not catfish mono-
cyte lines, used as APC, are capable of patching
and capping can only be speculated, but pulse
width analysis (i.e., a measure of the time of
flight of cells across the beam of excitation [Cuch-
ens and Buttke, 1984]) of the fluorescence signals
during endocytosis of antigen showed profiles
similar to those of pulse areas, suggesting that
antigen uptake by these APC may not involve
capping. This was confirmed by periodic fluor-
escence microscopic observation. In contrast,
treatment of catfish cells with sodium azide did
not induce decreases in the pulse width or pulse
area of the signals during timed runs in tempera-
ture-shift experiments. Both signal parameters
analyzed from studies with these azide-treated
cells were quenched in the presence of crystal
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violet, again indicating that the fluorescence sig-
nal remained membrane-bound, and hence sug-
gesting that antigen was not endocytosed. The
mechanism(s) of antigen binding on catfish cells,
however, remains to be elucidated.

Results obtained herein also provide direct evi-
dence for the involvement of acidic subcellular
compartments during antigen processing by cat-
fish APC, similar to those seen in mammalian
APC (Guagliardi et al., 1990; Neefjes et al., 1990;
Harding, 1991). Antigen-localization and cell-
fractionation studies clearly demonstrated
accumulation of antigen in cellular fractions that
contain endosomes/lysosomes. As the results
revealed, the amount of radiolabeled antigen that
becomes localized in endosomes/lysosomes
initially increased with time, plateaued, and sub-
sequently decreased. These observations suggest
active degradation of antigen within the
endosomes/lysosomes, or alternatively, a redis-
tribution of antigen without degradation, hence
the eventual decrease of the radioactive signal in
these organelles. Along these lines, numerous
studies using mammalian models have
unequivocally documented that antigen degra-
dation occurs within endosomes/lysosomes
(Allen, 1987; Harding et al., 1988; Yewdell and
Bennick, 1990). Enzymes, especially cathepsins,
catalyze the degradation of numerous antigens
(and particulate materials) that localize within
these organelles (Buus and Werdelin, 1986;
Werdelin et al., 1986; Puri and Factorovich, 1988;
Takahashi et al., 1989; Diment, 1990). Conse-
quently, it is highly unlikely that disappearance
of antigen from endosomes/lysosomes (as shown
by the current data) was due to redistribution of
antigen (to other subcellular compartments)
without concomitant degradation. Similar enzy-
matic events are presumed to occur in catfish
APC. This notion is supported by previous stud-
ies (Vallejo et al., 1990, 1991a, 1991b) that showed
the inhibition of antigen degradation and
impaired the antigen-presentation function of
catfish APC by lysosomotropic agents and pro-
tease inhibitors.
The reduction in the amount of radiolabeled

antigen from endosomes/lysosomes of catfish
APC over time might also be attributed to "recyc-
ling" of antigen to other cellular compartments.
Although no appreciable radioactive signals
were detected in subcellular fractions containing
DNA and mitochondria, the pattern of antigen

accumulation and its abatement in
endosomes/lysosomes was accompanied by an
apparent redistribution of the signal from the
endosomes/lysosomes to the plasma membrane.
Antigen bound to the plasma membrane during
the initial exposure of cells to the antigen.
Further incubation of cells, without additional
antigen, resulted in a gradual decrease of mem-
brane-bound radioactivity, a plateau, and then an
increase. Although the increase in the amount of
detectable membrane-bound signal was to a
lower level than the initial signal, the character-
istic increase cannot be attributed to extracellular
causes because there was no additional antigen.
Arguably, the membrane-bound radioactive sig-
nal at the end of the incubation period did not
exclude residual radioactivity from the initial
exposure to antigen. Nevertheless, a form of
recycling or redistribution of the radioactive sig-
nal from intracellular storage, such as the
endosomes/lysosomes, mostly likely occurred.
As the data revealed, over a period of 5 hr of
incubation, the amount of radioactive signal in
endosomes/lysosomes was maximal at 3 hr, at
which time the amount of membrane-associated
radioactivity was significantly reduced. The sub-
sequent increase in the amount of membrane-
associated radioactivity at 5 hr was accompanied
by a decrease in endosome/lysosome-localized
radioactivity. Similar observations of antigen
redistribution between endosomes/lysosomes
and plasma membranes have been reported for
various mammalian APC (Harding et al., 1988;
Harding and Unanue, 1990; Harding, 1991). As
previously alluded to, the endosomes are also the
sites of interaction between molecules of the
major histocompatibility complex (MHC) and
"processed" antigen (Guagliardi et al., 1990;
Harding et al., 1990; Neefjes et al., 1990). This lat-
ter bimolecular complex is reexpressed on cell
surfaces of mammalian APC, hence the eventual
disappearance of antigens from the endo-
somes/lysosomes, notwithstanding the losses
due to enzymatic activities.
The hypothesis that antigens are reexpressed

on the surfaces of catfish APC, like those seen in
mammals, was also directly addressed in this
study. Clearly, membrane preparations from cat-
fish APC previously incubated with antigen were
stimulatory to autologous immune PBL
responders. The proliferative responses were
similar to those observed in cells cultured with
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the direct addition of soluble antigen, and in
those cells cultured in the presence of antigen-
pulsed/fixed autologous APC or prefixed, pep-
tide-incubated autologous APC. These observa-
tions warrant several comments. First, prolifer-
ation of immune catfish PBL with the addition of
soluble homologous antigen is attributable to
APC functions of both B cells and monocytes in
culture, as previously demonstrated (Vallejo et
al., 1990, 1991a, 1991b, 1992b). Second, proliferat-
ive responses elicited with prefixed peptide-incu-
bated APC corroborate previous findings that
nominal antigen, but not fragments thereof,
requires processing steps (Vallejo et al., 1991b).
Third, cell-free antigen presentation by catfish
APC membranes strongly supported the notion
that antigen processing by APC results in the
exposure of epitopes that become reexpressed on
APC membranes for presentation to specific lym-
phocytes, unequivocally similar to the situation
in mammals. The stimulatory capacities of such
membrane preparations must be attributable to
"naturally-processed" antigens (i.e., immuno-
genic peptides). As the data showed, immune
catfish PBL underwent proliferation only in the
presence of membranes from antigen-pulsed
APC, but not from unpulsed APC or prefixed
APC incubated with nominal antigen. Similar
observations have been reported in both murine
and human systems using crude APC-membrane
preparations, chemically defined planar mem-
branes, or liposomes containing purified MHC
molecules and immunogeneic peptides (Albert et
al., 1982; Brian and McConnell, 1984; Coeshott
and Grey, 1985; Walden et al., 1985). Although
catfish MHC molecules remain to be isolated,
APC membranes used in this study likely con-
tained MHC or MHC-like determinants requisite
for the immunologic recognition of antigen. As
previously demonstrated, catfish APC contain
allo-determinants that are serologically dis-
tinguishable and have putative antigen-pre-
senting function (Vallejo et al., 1991c). Such stud-
ies showed that anti-APC alloantisera block the
proliferation of immune catfish PBL cocultured
with antigen-pulsed and fixed autologous APC.
Other studies (Vallejo et al., 1990, 1991b, 1991b)
have also shown that allogeneic, but not autolog-
ous, mixtures of immune PBL and APC result in
vigorous mixed leukocyte r.eactions, but not TD
antigen-specific in vitro antibody responses.
Clearly, induction of catfish immune responses is

determined both by antigen and by APC-enco-
ded "self’-determinants (Vallejo et al., 1991c).

MATERIALS AND METHODS

Antigens.

The native proteins, pigeon heart Cytochrome C
(pCytC), horse striated muscle myoglobin
(EqMb), and hen egg lysozyme (HEL) (Sigma
Co., St. Louis, MO) and pCytC peptide 81-104
were used as previously described (Vallejo et al.,
1991b). pCytC peptide 81-104 was either derived
by CNBr fragmentation (Corradin and Harbury,
1970; Vallejo et al., 1991b) or chemically synthe-
sized (using a peptide synthesizer Model 430A,
Applied Biosystems Inc., Foster City, CA). Syn-
thetic peptide 81-104 was purified by gel fil-
tration on Sephadex G25 (Pharmacia LKB
Biotech, Inc., Piscataway, NJ) equilibrated with
1.0M acetic acid and lyophilized (SpeedVac
SVC100, Savant Instruments, Farmingdale, NY).

Aliquots of the native pCytC and EqMb were
also conjugated with fluorescein isothiocyanate
(FITC) or radiolabeled by reductive methylation
with 14C-formaldehyde as previously described
(Dottavio-Martin and Ravel, 1978; Johnson and
Holborow, 1978; Miller and Clem, 1984; Miller et
al., 1986; Vallejo et al., 1992b).

Catfish Monocyte Lines.

As in previous studies (Vallejo et al., 1991a,
1991b), long-term cultures of catfish monocyte-
like cells were effective APC. In this study, cell
lines designated C24, C4, and M22 were used as
representative APC.

Endocytosis Assay.

Approximately 800/g of FITC-conjugated pro-
tein was added to 1x107 cells (i.e., FITC-pCytC to
C4 or C24 cells and FITC-EqMb to M22 cells) in
1 ml CFRPMI (RPMI 1640 adjusted to catfish ton-
icity with 10% sterile water) for 60 min at 4C or
27C in the presence or absence of 0.02% sodium
azide. In some studies, cells initially incubated
with antigen at 4C were warmed to 27C (in a
tissue culture incubator, 5% CO2-95% air
atmosphere) for 30 min prior to analysis. Cells
were washed extensively, resuspended in cold
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CFRPMI, and placed on ice. Cell-associated fluor-
escence was analyzed by flow cytometry (using a
CYTOFLUOROGRAF 50HH equipped with a
2150 computer, Ortho Diagnostic Systems, West-
wood, MA). Cell suspensions were transferred to
the sample compartment (maintained at 4C) of
the flow cytometer. In other experiments, cells
were incubated with antigen at 4C, washed and
subjected to a timed run of 3600 s with a corre-
sponding temperature shift of the sample com-
partment from 4C to 27C. During the course of
these timed runs, a flow rate of approximately
200 cells/s was maintained. The pulse areas and
pulse widths of the fluorescence signals were
analyzed using previously described protocols
(Cuchens and Buttke, 1984; Yang et al., 1988). In
all assays, fluorescence channels were appropri-
ately gated to allow only analysis of viable cells.
This was accomplished by treating an aliquot of
the fresh cell suspension with fluorescein diacet-
ate prior to each assay (Ortho Instruments, 1987).
Scatter profiles of both stained and unstained
cells were analyzed. The region of viable cells
(i.e., cells exhibiting high fluorescence intensity)
was then determined and dead cells/debris,
which showed lower forward scatter, were elec-
tronically gated out.
To distinguish between cell surface and intra-

cytoplasmic fluorescence, samples were treated
with chloroquine and/or crystal violet. In mam-
mals, fluorescence signals are quenched intracel-
lularly due to acidic pH of endosomes (Ohkuma
and Poole, 1978; Yang et al., 1988). Lysosomo-
tropic agents like chloroquine, which raise intra-
cellular pH (Ohkuma and Poole, 1978; Ziegler
and Unanue, 1982; Seglen, 1983; McCoy, 1990),
usually permit recovery of the signal. In contrast,
crystal violet quenches surface fluorescence (Ma
et al., 1987), hence only intracellular fluorescence
signals, if any, will be detected. Similar strategies
were employed in this study. Chloroquine
and/or crystal violet was added to samples
immediately before analysis or as indicated dur-
ing a timed run. Based on several trials, the
effective nontoxic concentrations for chloroquine
and crystal violet were empirically determined to
be I mM and 100/g/ml, respectively.

Cell Fractionation.

About 500 tg of the appropriate 14C-protein was
added to aliquots of APC cell suspension

(approximately 1x107 cells/ml CFRPMI) and
incubated for different periods of time at 27C. At
the indicated times, cells were washed exten-
sively with cold PBS (diluted with 10% sterile tis-
sue culture water). The cell pellet was resus-
pended in 5ml of cold sterile hypotonic
imidazole buffer (10 mM imidazole-HC1 pH 8.0
containing 10 mM KC1 and 1.0 mM MgCI2) and
transferred to a sterile, chilled, loose-fitting
Dounce homogenizer. Cells were slowly homo-
genized with up-and-down strokes of the pestle.
An aliquot of the suspension was examined
periodically under the light microscope for intact
cells. Homogenization was considered to be com-
plete when the supension contained only intact
nuclei. In several assays, homogenization was
achieved with an average of 15 strokes. Cold
sucrose solution was added to the homogenate to
a final concentration of 250 mM and centrifuged
at 4C for 10min at 1000g. The (post-
homogenization) supernatant was collected and
placed on ice. On one hand, the pellet was resus-
pended in 5 ml cold imidazole buffer, transferred
to another chilled Dounce homogenizer and
given 10 strokes. Sterile Nycodenz (Nycomed
Pharma, Oslo, Norway) solution was added to a
final concentration of 35%. This suspension was
introduced into the middle of a sterile discon-
tinuous 10-50% Nycodenz gradient (see what
follows). On the other hand, the posthomogeniz-
ation supernatant was layered on top of a sterile
continuous 10-50% Nycodenz gradient. The
gradients were centrifuged at 4C for 6 hr at
52,000g and fractionated into 500-/tl aliquots
using a density-gradient fraction collector (ISCO,
Lincoln, NE) at a constant flow rate of 500
/A/min. Aliquots of the fractionated gradient
were subjected to liquid scintillation spec-
trometry using a nontoluene fluor (EcoScint A,
National Diagnostics, Manville, NJ). Various
enzyme activities for each fraction were also
assayed as markers for isolated organelles. The
enzymes assayed were 5’-nucleotidase (for
plasma membrane; determined by the Fiske and
SubbaRow reaction of inorganic phosphate)
(Aronson and Touster, 1974), succinate reductase
(for mitochondria; determined by reduction of p-
iodonitrotetrazolium violet, INT) (Graham et al.,
1990), and ]/-glucuronidase (for lysosomes; deter-
mined by phenolphthalein release from phenol-
phthalein-]/-D-glucuronide) (Barrett and Heath,
1977). DNA content was determined colorimetr-
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ically with the diphenylamine reaction (Burton,
1956).
Nycodenz solutions were prepared by dissolv-

ing appropriate amounts of powdered medium
in 100 ml of 10 mM imidazole-HC1, pH 8.0, con-
taining 200 mM sucrose, 3 mM KC1, and 300/M
EDTA. Solutions were filter-sterilized (0.2-/m
cellulose-acetate membranes, Corning Glass
Works, Corning, NY) and stored in amber bottles
at 4C. Gradients were made by sequentially dis-
pensing Nycodenz solutions in syringes fitted
with sterile 11-cm stainless steel needles (BD
Cornwall, Becton, Dickinson & Co., Rutherford,
NY) into the bottom of ultracentrifuge tubes
(Nalgene polyallomer tubes, 100,000 g RCF rat-
ing; Nalge Co., Rochester, NY), that is, less dense
solution was dispensed first, followed by denser
solution. As recommended by the manufacturer,
continuous gradients were made by storing the
formed discontinuous gradients (i.e., 10-50%) at
4C overnight to allow for diffusion prior to use.

Densities of the gradients were determined
after centrifugation according to the manufac-
turer’s instructions. In lieu of the sample to be
fractionated, an equivalent amount of homogen-
izing buffer was introduced into a separate gradi-
ent. Fractions were collected and the absorbance
of each was determined at 350 nm. The density
was then calculated by the following formula:
Dens ty 1.0+(O.D.3S0nmX0.0815).

Cell-Free Antigen Presentation.

Assays of antigen presentation by crude plasma
membrane preparations from antigen-pulsed cat-
fish APC were modified from Jensen (1989) and
Watts et al. (1984). Briefly, 1 mg pCytC was
added to APC suspensions (1x107 C4 cells/ml)
and incubated overnight at 27C. Cells were har-
vested, pooled, and extensively washed by cen-
trifugation. The cell pellet was resuspended in
cold hypotonic imidazole buffer (pH 8.0) and
subjected to 10 freeze-thaw cycles (i.e., freeze in
liquid nitrogen and thaw in a 37C water bath).
Cellular debris was removed by centrifugation at
4C for 5 min at 1000 g. The supernatant was
transferred to a sterile ultracentrifuge tube
(Nalgene polyallomer tubes, 100,000 g RCF rat-
ing; Nalge Co., Rochester, NY) and the crude
membrane fraction pelleted" at 100,000 g for 4 hr
at 4C. The pellet was resuspended in CFRPMI,
sonicated for 90 s at 250W (using a Sonic Oscil-

lator, Raytheon, Manufacturing Co., Waltham,
MA) and the protein concentration determined
by the bicinchoninic acid biuret reaction (BCA
Pierce Protein Assay Reagent, Pierce Co., Rock-
ford, IL). 5’-nucleotidase activity was determined
as described before. The membrane preparations
were stored at-70C. Similar membrane prep-
arations were also obtained from the same C4
cells without incubation with antigen, from pre-
fixed C4 cells incubated with pCytC, or C4 cells
incubated with EqMb. Fixation of cells was car-
ried out as previously described (Vallejo et al.,
1991b).
PBL from a pCytC-immune catfish (i.e., the cat-

fish from which the C4 monocyte line was
derived) were isolated as previously described
(Miller and Clem, 1988; Vallejo et al., 1990, 1991a,
1991b). Aliquots of the membrane preparations
were added to triplicate cultures of lx106 cells. In
addition, cells were also cultured with autolog-
ous APC treated in various ways: namely,
unpulsed and fixed APC, pCytC- (or EqMb-)
pulsed and fixed APC or prefixed APC pulsed
with pCytC peptide 81-104. Antigen pulsing and
fixation protocols were carried out as previously
described (Vallejo et al., 1991a, 1991b).
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