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ABSTRACT

Remington, Kathryn Martin, M,S., March, 1981 Microbiology

An Investigation of the Generation 6f a Fseudo~Secondary Response
to LPS Induced by Macrophage T;§3pf (79 pp.)

Director: Jon A, Rudbach

A single dose of lipopolysaccharide (LPS), administered 21 d
after mice had been treated with the macrophage toxins, carrageenan
(CAR) or microparticulate crystalline silica (MUS), generated a
typical secondary-type antibody response., The phenomenon of
pseudo~-secondary responsiveness was investigated to determine a
possible mechanism for its generation, The use of i-, K-, and
M-carrageenans and thorotrast (TT), in addition to CAR and MUS, in
attempts to generate the pseudo-secondary response, indicated that
lysosomal destabilization of macrophages was a necessary requisite
for the generation of the response, The extent and duration of
modulation of the reticuloendothelial system (RES) by GAR, MUS,
and TT was measured by the ability of mice to clear colloidal
carbon from the peripheral blood., It was determined that
phagocytic activity had recovered by 5 d after treatment with
macrophage toxins and that it remained normal or enhanced
thereafter., Attempts to generate the pseudo-secondary response
in mice which were genetically incapable of responding to the
lipid A region of LPS were unsuccessful; thus a requirement for
the genetic capability to trigger a pseudo-secondary response by
LPS emerged, Administration of LIPS at various intervals after a
primary injection of LPS or CAR ectablished, first, the kinetics
of development of true secondary responsiveness to LPS and then
the kinetics of pseudo-secondary responsiveness., The temporal
kinetics of true secondary responsiveness and pseudo-secondary
responsiveness were identical, The generation of pseudo~secondary
responsiveness was attempted in athymic nude mice. Failure to
generate the response in these mice indicated the T cell dependency
of the response, It was postulated, then, that pseudo-secondary
responsiveness was the result of priming of B lymphocytes by the
consequences of the macrophage toxins, and secondary responsiveness
to LPS was generated in a normal manner,

ii
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I. INTRODUCTION
Higtori Cai

The'production of antibodies in respoﬂse to‘a foreign substance
is an integral part of an animal;s immunological defense, Antibody'
production is a highiy organized and specific system that can elimi-
nate!inﬁading microorganisms aﬁd requires the cooperation of several
cell types.

Antibodies‘are synthesized and released by a classvof lympﬁothes.
called B iymphocytes, derived from bone marrow cells, At birtb, an
individugl's'B lymphocytes bear on their surfades a repertoiré of
antigen-specific iecognition units (66), Duringvthe course of the
animai's life, éontact with an antigen wili cause that antigen-specific
B lymphocyte to differentiate and to give rise to a clone of specific
immunoglobulin-producing plasma cells, As the stimulus terminates,
énd antigen is no longer present, antibody synthesis declines, Many
of the B lymphocytes become memory cells which, upon subsequent
contact ﬁith the same antigen, can synthesize antibody rapldly (1).

Although B lymphocytes are résponsible for the actual syﬁthesis
and release of antibodies, -they are by no means the sole participant
in the process, Thymus~dérived, or T lymphocytes, play a regulatory
role in humoral immunify, modulating the activities of B cells posi-
tively or negatively.‘ A subpopulation of T lymphocy#es, representing
appfoximately one-third of the peripheral T cell population, bears

Lyl surface markers., Lyl cells interact with antigen and aid in the
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2
antibody response, thereby earning the name helper T cells (13, 14).

Aﬁother subpopulation of T lymphocytes, the amplifier T cells,
are fﬁnctionally distinct from helper T cells and act to drive antigen-
stimulated B cells to further proliferation (5).

Not all T cells enhance the immune résponse. An additional
subpopulation of T iymphocytes_bear Ly2,3 surface antigens and‘sup-
preés B cell activity. Suppressor T celis, together with helper and
amplifier T cells, are important regulators of antibody production
(13, 14).

_.While many antigens require the cooperation of T cells for anti-
body production, éome antigens can stimulate the development of an
immune response in the absence of T cells, Thymus-independent antigens
are biochemically different from thymus-dependent antigens, Whereas
T-dependenf antigens are usually foreign proteins and erythrocytes,
and are easily degraded, T-indepeﬁden£ antigens generally are large
polymeric molecules wiih repetitive identical subunits. T-indepen-

- dent antigens are degraded slowly and tend to persist for aﬁlong time
in host tissues (6).

T-independent antigens, examples of which are pneumococcal
polysaccharides, lipopolysaccharides, and polymerized flagellin,
generate the production of antibodies that are predominately of the
‘IgM class, These antigens are often B cell mitogens and may be
non-immunological activators of the complement cascade (6),

‘Recently, it was determined that the thymus-independent (TI)
antigens can be divided into two groups, based on their differing

ability to stimulate B cells early or late in ontogeny and on their
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3
ability to cause antibody formation in the immune defective CBA/N

strain of mice (57, 72). Trinitrophenyl Brucella abortus (TNP-BA),
TNP—lipopolysaccharide, and TNP-polyacrylamide beads are character-
istic of TI-liantigens, in that they can stimulate antibody production
by early neonatal and CBA/N spleen cells, TI;Z antigens, such as
TNP=-Ficoll, ievan, dextran, and pneumoqoccal polysaccharide, fail

to induce aﬁ antiboéy response in CBA/N cells and cannot stimulate
neonatal cells until 7 to 10 days after birth (72).

Tittie andzRittenburg (5?) have found that memory B céll subpop-
ulations differ in their susceptibility to stimulation by these two
classes of TI antigens, TI-1 antigens can cause both B1¥ (TI-2
responding) ahd B2Y (T—dependent responding) subpopulations of
memory E cells to initiate cell division, whereas TI-2 antigens
selectively stimulate B1Y subpopulations,

Suppressor T cells may aid in the regulation of thymus indepen-
dent antigens, It has been shown that Ly2,3 cells block antibody
fgrmafion by interference with helper T cell activity (which would
suppress a response to T?dependent antigens) or by acting on B éells
and plasma cells (which would suppress responses to both T-dependent

“and T-independent antigens) (14),

Macrophages have been kﬁown.to play a part in thé immune reéponse
for many years. but thelr precise role is still not completely under-
stood, In the early years of immunology, macrophages were thought to
be_résponsible for both the uptake of antigen and for the production
of antibodies (58). As the science of immunology matured, lymphocytes

and plasma cells were shown to be involved in the actual synthesis
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L
of antibodies, and interesﬁ in the macrophage aslan effector cell of
humoral immunity subsided (58).

In the 1960s, it was observed that some antibody rgéponse;
required the interaction of lymphocytes with eitracts of macrophages
that had previously phagocytosed antigen (22, 23), This rekindled
interest in the macrophage as an effector cell in the immune response
and léd td the concept of antigen processing.

It is now understood that an optimal immune response to
most antigens requires the cooﬁeration of T lymphocytes, B lympho-
cytes, and macrophages, Using agents that suppress the reticulo-
endothelial éyétem or otherwise inactivate macrophages, various
investigators obtained evidence that apparently showed an absolute
requirement for macrophages in immune responses, Resﬁlts of these
experiments showed that thymus-dependent antigens exhibited a
requirement for macrophages in an immune resﬁonse; howevef, rost

' thymus independent antigens were also macrophage independent (32, 33,
55, 65, 69, 71), Recently, however, it was shown that some T cell-
independent antigens required macrophages; apparently direct D |
cell-macrophage interaction was required in ihese immune responses

(11, 32, 7).

Whereas T cells and B cells bore antigen recopnition unitis on
their surfaces and responded to stimulaticn by a specific antigen

' (45, 66), the role of the macrophage in the humoral responce was
nonspecific, Macrophages, present in lymphoid and nonlymphoid tissues,
removed antigen from extracellular fluid nonspecifically, Schmidtke

and Unanue (64), found that macrophages did not discriminate between
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- foreign and autologous proteins, Furthermore, antigen uptake by
medullary macrophages was identical in tolerant, normal, and primed
animals (31)., Any discrimination between anfigenic and nonantigenic
molecules appeared to be only with antigen-antibody immune‘complexes;
nmacrophages had surface receptors for the Fc portion of immuno-
élobulins.(Bl. ). In fact, Humphrey and Frank (31) have found that
the time of localization of antigen in macrophages of the draining
lymph nodes correspondéd to the appearance of circulating antibody
in normal rabbits. Thus, the speéificity of the immune response lies
entirely upon the lymphocytes precommitted to a speéific antigen,

Mést'of the antigen removed by macrophages wa§ catabolized to
a nonimmunogenic form (3%, 60), Free, circulating antigen wés}found
to be potentially tolerogenic; therefore aﬁ important immunological
function of this catabolized antigen was to aid in the circuﬁvention
of tolerance (24, ).

Antigen that eséaped cétabolism was "presented" by macréphages
to 1ymphocytes; thereb& an immunogenié signal was delivered, Antigen
presentation is not clearly understood; evidence has led to several
médels. | |

Macrophages retain a few molecules of antigen, undegraded or
partially degraded,‘pn their surfaces; Macrophage-associated antigen
was highlj immunogenic, When some antigens were administered in
soluble form, a poor immuneAresponse.was mounted, However, when the
samé antigen was bound to macrophages and then édministered, a good
immune Tesponse followed (38, 59), Also, it was found that immunogeni-

city was lost with the removal of antigen from macrophage surfaces (63).
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6
This evidence suggested that the macrophage functibn; hy concentrating
antigen and thus promoting its necessary meeting with T and B lympho-
cytes.

The rolé of the macrophage in antigan preseﬁhation, however, was
more than a mere vghiclc for antigen, Evidence surrested that the
macrophage plays a very active, yet not nlearly defined role. For
example, Fitchigson (38), in macrophase-transfer experiments, found
that antigen must be hound‘to viabln macrophages for induction of
a good irmune response, Furthermore, additional evidence was found
that. macrophages plaved an active réle in antigén presentations donor
macrophages had to be syngeneic with a vrecipient, in transfer experi-
ments, for good immﬁnogenicity to be manifestéd (20, b2, b3, 50),

ot all undesraded antigen was bound te the macrophasn curface,
Immunogenic,éntigen'moleculos were found after surface antigpens
vere removed by prdteolytic enzymes or were bloched by specific
antivody (19, 62), This snggested anothor‘way in which antiren
could be presented to lymphocytes by macrophases, Followins the
"interiorizaﬁion" of antisgen by macrophages, underraded anticen
molecules were fnleaséd, 1eading to the stimulalion of Tyunphoeytes
(2). Such soquestrafion of antigen by macrophages, followed by
slow release, would allow Lhe immune system to be slimulated over a
longvpcrioﬂ of time, |

Subsequent.£o the discovery that processing of antigen by
macrophages was necessary for some antibody responses, a highly
immunogenic RNA-antigen complex was i1solated from extrdcts of macro-

phages that had been incubated with antigen (I, 23, 27). Facrophage
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7
processing of antigen was not absolutely necessary to obtain this
compiek, but yields were significantly greater when antigén was taken
up by macrophages (b, 27); Askonas and Rhodes (4) then suggested that
mgcrophages did not form a specific new informational RNA,Abut
processed the antigen in some way to make it more immunogenic, It
was postulated by others, however, that the mécrophage ENA served
~as a carrier or an adjuvant for the antigenic determinant and the

RNA-antigen complex, glthough the RNA was nonspecific, could be ﬂhe
means by which information elicitiﬁgvantibodj production was processed
{(27). Other investigators (47, 48) subsequently found that ENA
from variéus sources (even nonmammalian sourpes) could complex
with antiéen to form a very immunégenic "super antigen". This led
some to question whether super antigens operated in the in vivo
immune respoﬁse (26). This matter still remains a controversial
issue, |

The exact role‘of RNA in immune processes has not yet been
defined., It may function in immune induction when an antigen is
introduced into the animal or may amplify the immune response by
recruiting uﬁcommitted cells receiving antibody mENA from cells
responsive to antigenic stimulatién (17).

.Although‘many of the details rémain unclear, evidence has

shown that the function of macrophages in immune induction is to
present antigen to T and B lymphocytés. Macrophagcs‘can also influ-
ence lymphocytes by tﬁe 1ympho-stimu1atpry products that théy secrete
(61). The synthesis and‘secretion of biologically active products

by macrophages has been known for some time, The list of monokines
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q
includes néutral proteinases such as collégenase, elastase, and
plaéminogen activator, as ﬁell as lysozyme and various complement

- proteins (61). |

In recent years, an increasing number of lymphoéyte modulating
agents have been described. Varigusvimmune functions h;ve been
ascribed to these factors by the invéstigators who have reported
them, ranging f£om stimulating the proliferation of thymoc&tes
(21, 25) to éubstituting for macrophages in the induction of helper
T cells in plaque forming cell (PFC) responses (20),

A curfent concensus is that the numerous catalogue of lympho=-
simulatory_monokines can be reduced to a siﬁgle factor that ﬁas
multiple functions (39); This factor, called intérleukin-l (11~1),
is produced exclusively by macrophages and is essential for the
broduction of another factor, interleukin 2‘(IL—2), by T cells, IL~2
mediates T cell proliferation, The magnitude of IL-2 proﬁuction is
dependent upon the quantity of IL-1 available; therefore, IL-1 and
IL~-2 function in a bimodal amplification system which determines the
extent of T cell clonal expansion (56),

The many monokines, now determined to be the single factor, -
interleukin 1, included the lymphocyte-activating>factor (LAF) or
mitogenic protein (ﬁP), as it is also called (21, 25), LAF étim—
ulated the Proliferation of thymocytes and enhanced their responses.

 to lectins (21, 25). Also included in the list of macrophage
products that comprised IL—1-are the B ceil activating factor (BAF),
which encouraged the differentiation of B cells to plasma cells

(12, 70), B cell differentiation factor (BDF), and T cell replacing
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factors (39).

Rather than a single factor, IL-2 was once thought to be many
products of macrophage and T cell interaction, Included in this list
were thymocyte stimulating factor (TSF), thymocyte mitogenic factor |

' (IMF), T cell growth factor (TCGF), costimulator, killer cell helper
factor (KHF), and secondary cytotoxic T cell inducing factor (SCIF)
(39).

Characteristics of each of the interléﬁkins are known, IL-1
is produced exclusively by macrofhaées. and its activity is neither
H-2 nor species restricted, IL-1 is a comparatively small ﬁolecule,
being 12,000 to 18,000 daltons; and does not possess the ability
to maintain in vitiro long term cultures of cytotoxic T cells (39).

A larger molecule (30,000 to 35,000 daltons), IL-2
required both macrophages and T cells for its production, The
activity of IL-2 is H-2 unrestricted, and it Can'promote And maintain
in vitro ipng term cﬁlturés of cytotoxic T cells (39). vaviously, the
iﬁterleukins influence the immune response, and their role is |
becoming iﬁcfeasingly‘clearer.

ﬁuch information of the role of macrophages in humopal immunity
has been gained since the time they were thought to synthesize
antibody; still their precise function in immunity remains to be
defined; Macrdphages will continue to be an interesting and contro-

~ versial topic of research,
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Statement 6f Thesis and Approach to the Problenm

Specific macrophage'toxins'have béen used.as tools to impair
the reticuloendothelial system (RES) for investigating the role of
macrophages in generating antibody responses, Recently, in the
course of one such study wherein carrageenan (CAR) and microparticu-
late crystalline silica (NMU®) were employed as macrophage toxing, a
unique.phenomenoﬁ was observed, While running controls Tor a stqdy
on the ‘effects of the silica and carrageenan on doses of antigen
that were priming mice for a secondary antibody response, Becker
and Rudbach (?, 9) observed that one dose ofilipopolysaccharide (Lps),
given to mice exposed to macrophage toxins 21 days previoﬁsly, elicited
a typical secondary type response. This "pseudo—secondary" iesponse
was manifested by an increased productioﬂ of total antibody and by
maintenance of the high antibody titer, the characteristics of a-
secondary responée to a T cell independent antigen,

The purpose of the present study was to explore the mechanism(s)
by which the pseudo-seéondary regponse was génerated. Agpects of
the péeudo-secondary response that were studied included attempts
to generate the response with macrophage toxins other than MU and
CAR, examina£ion of RES modulation by the vafious macrophage toxins,
an investigation of the genetic requirements for generating the

- pseudo-secondary response, an investigation of the temporal kinetics
fof developing the pséudo-secondapy response, and the dependency of
the pseudo-secondary response on T'cells. |

In the investigations of Becker and Rudbach (7, 9), Seakem

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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carrageenan, a natural mnixture of K- and %~carra§qonans, was used,
The present study examined the capability of i—. K-, and A-carrapeenans,
s well as thorium Aioxide (thorotrast) to renerate pseudo-secondary

responsiveness; irst, however, prelininary work was required to
establish proper dosase Tegimens for thorotrast (7). This was
necessary because the carragecnans and MUD cxerted their toxic effects
by destabilizing lysosomes ond cavsing subsequent antolysic of
macrophagés;-TT was thought to supprens RES funetion by a physiological
blockade of macrophases (68), Once the dato had been generated, then
an attempt was made to correlate the mechanisms by which RED suppression
was achieved with the capability eof the various machPhage toxins
to genefate i psnuﬂo—secondarybresponso.

The extent and duratien of Rl modulalion by MUS, CAR, and TT
also were examined, with special consideralion given to a study of
the state of the systems at the time which the triggerirg dose of
LPS was administered in the pscudo-secondary fesponse. |

The use of mice that did not respond to LIPS allowed investigation
of the‘genetic requirements of the pseudo-gecondary rezponse, The

*

capability of macrophase toxins to “prine" these mice for cecondary
responsiveness wos examined and. compared with the prenetic inability
of the mice to mount a necondary anti-LFS reqponse,

The kineties of true secondary resnensivencss wore esbablished
and were compdred to the kinetic rcquirements of pseudo-sesondary
responsiveness,

Finally, an attempt was made to generate the preude-secondary

response in atbymic, nude mice, Preliminary work was nececssary to
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establish an adequate experimental system; CAR potentiates the
endotoxicity of LPS in normal mice and this potentiation was
increaséd in nude mice, Once the system was established, the gener-
ation of psecudo-secondary reéponsiyeness vas attempted in nude m;ce.
The capability of nude mice to generate pseudo~gecondary responsive-
ness in the absence of T cells was compared with their capability
to mount a truc secondary response without the aid of T cells.

A strong correlation between tfue secondary responsiveness
and pseudo-secondary responsiveness was observed. It was poctulated
that the macrophage toxins, NMUS and the carrarecnans, were responsibleb

for priming mice for a secondary anti-LFS response,
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II, WATHRIALS AUD FEITODS

Animals, (1) RHL mice, Male Sfuiss-Webster derived mice
were obtained from the Rocky Mountain Iamborstories (BNL), -Hamilion,
T, BFL mice arc derived from the U,IT!Y colony and have retained - .
nearl y the same amount and type of genetic variation found in natural
murine populations (46), They were allowed standard lab chows and
water 2d libitum, "Fice used for experiments werc 4 to 8 weeks old,

(11) ¥ud> mice. Congenitally athymie nude mice were obtained
from our colony at the University of lontana, The original sltock
were agquired from the Rocky hounbawn L&hOTSLOTlPU, amilton, NT,.
fude offspring were the product of crossing heterozycons fomales
with nude males, Tlie heteroaoygous Fonales were obhained by crosaing
N.IIH Suwisc-Yebster derived Temales with rude males.

All mice were housed in cares containing sterilised uobd
chips és litter, MNice were maintained on autoclaved Food (Hayne
La,b.iilox Sterilizable, Chicage, IL) ad libitum,

Fice recaived vater contdining iO e Othetracyclﬁnﬁ (Rache
Labor&torinr, Tutley, NI)/1iter, Thig seemed to Improve Lheir
genergl health, Lude mlice were also ziven 22 mr metroridaseole
(Flaﬂyl; Searle and Oo,, Colﬁmbus, GH) 1iter of water for 1/ dajs
following weoning,

Six to eight wecl old mice of Lolh orven wore veed Tor investicalions,

(1311) g3%/Had mice, Male (‘3‘/1(‘ mice wore purchased from

1’

Jackson Laboratories (Lar larbor, Fi) and were maintained on standard

lab chow and wator ad libitun, Fice were alloved Lo acelimatize

tiratn. o o e et

13
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for one week after thelr arrival before beine used for investigations,
ixperiments wore performed on 6 to 8 weck old mice,

Bacrophare toxing, (1) farrascenang., falcium carrasecnan (Scalkem

9), Kecarrareonan (RECH 5362), A—carfaxeenaﬁ (Runr 5963), and
i-carrageenan (PRCE 5%64) were obtainnd from Marine Colloids
(Springfield, NJ). The carrageenans’ were sugpended in warm (56¢)
phosphage buffered saline (FLS) (0,15 K ¥all, 0,0033 ki FOy, pH 7.2)

to the desired concentration and wora nged within 24 h of preparation,
The appropriate suspensions were brougsht to 37C bvefore intrapnritoneal

injection,

(1) Microparticulate crvstalline silica. Silica particles

(¥in-U-Si1, Whittaker, Clark and Daniels, Inc,, Hew Yoxk, KY) less
than 5 um in sige were subjected to Turther %ractionaLion according
to the method described by Eecker and Fuvdbach (7, 0),°
Priefly, 50 g of silica (Min-U-8il) wére suspnnded in 200 ml
of distilled, deionized water and werc subjected Lo ulbirasonic
vibrations (Franson, Danbury, CT) at room Lemperature for 30 s, The
suspension was diluted with an equal volume (500 ml) of distilled,
delonized wa;.tcr, placed in a 1 1 pgraduated ecylinder and allowed to
settle at room temperatnre for 24 h, Fraction 111, corresponding
to the 500-?56 ml portion from the top,. was romoved and washed
twice with distilled, deionigzed water, - It wis allowed to dry in
a varm. (60C) oven for K8 h, - Frior to intravenous injecliow, it
was resuspended to the desired concentration in warm (37C) PIS.
(iii) Thorotraist, Stabilized ithoriuvm dioxide (Thorotrast,

e e e e it et e O a8

Testagar and Co,, Inc,, Detroit, M1), containing 2U-27 Lthorium
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dioxide by volume (260 mgr/ml), 254 aqueous dextrin, and 0,15%
methylparasept, was administered intravenously. Appropriate
"dilutions were made'with FES,

Lipopolysaccharide, Lipopolysaccharide (LFS) was prepared from

fischerichia coli 0113 (Braude strain) as a phenol-water extract

by the method descrited by Rudbach, et al, (52). A 1 mg/ml stock
solution.was made by disaoiving the lyophilized 1ipopolysaccharide
in PBS, This solution was dispenscd into vials and frozen at -200C
until use, Appropriate dilutions of the storck solution were made
immediately before usec.

follection of serum for passive henacselulination agsays, Mice

were anesthetized with ether (&, R. Sguibb and Sons, Hew York, NY)
and exsanguinated by an axlllary incision, The whole Llood was
allowed to clot at room temperature for appreximately 1 h and at
b overnight, The serum was ceparabed frow ihe cloh by centri-
fugation at 1,000 x g for 10 nmin, It was dispensed into vials,
heated at 500 foxr 20 min and slored at =200,

Anti-LPS titers, Antilodies specilic for LFY wntre dotermined

by pascive hemasslutination assays.  Sheep rod hlood cells (vmnn),
coated with LIPS from i, coll 0112 were used an indicator conlls

l'or senultinntjon, 1o of LIG was diconlved in 't wl of 0,01 Ion
bufTer (pil 7.2) and then plaecad in a boiling =ater tath for 2% b,
Senpittized DEEC were preparoed Ly combinine 0,00 w1 af nacled,
tched SNEC (Colorado Serur flo,, Denver, LY, L0 wl o of Fi G, and

1.0 ml of the tolled LEC, Thin mivture wag incuhoted al 370 Toy

30 min with: frequent nixivy . The eellr wore then wse? od thvies in

-
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cold PBS and finally resuspended in microtiter diluent (1% normal
rabbit serum (inactivated {56C for 30 min) and adsorbed with SRBC)
in PES) to a concentration of 0.5%, The sensitized SREC were used
immediately after preparation,
Normal SRBC were prepared by resuspending packed,'washéd SRBG,
in microtiter diluent, to a concentration of 0.5%.
To each well of a microtiter plate (Titertek, Linbro Chemical
Co., Inc,, HNew Haven; cT), 6.05 ml of diluent.was added. Then,
0.05 ml 6f test serum was added tovthe first well and serial two-
fold dilutions of the serum were made with 0,05 ml dilutors (Cooke
. Engineering Co,, Alexandria, VA). In all cases, duplicate tests
of each serum were performed, Next, 0,05 ml of the sensitized SRBC
was added to wells 1-11 and 0,05 ml of normal SRBC was added to
the 12th well of each row., Each plate was gently agitated, covered,
and placed in a humid chamber, Hemagglutination was recorded after
incubation for 2 h at room temperature (20-220) and again after
‘overnight incubation at 4C, A»ppsitive hemagglutination titer was
read as the reciprocal of that dilution of éerum that dia not give
ba button control pattern,
Hemagglutination titers are expressed as values of x, derived
 f;om the equation x = log, (HD/2), where HD was. the reciprocal of
the highest dilution of scrum that produced homagglutinaﬁion of
the sensitized SRBC, Thus, the titer is the tube number of the
endpoint when the first well contained a 1/4 dilution of antiserum,
Sera that gave no hemagglutination at the lowést dilution were

arbitrarily assigned a titer of 0, le., a dilution of 1/2. Titers
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were expressed as the geometric mean of the duplicate lests.

Measurement of pharocytic activity bv RES clearance of colloidal

carbon, Phagocytic activity was measured by the ability of normal
and macrophage foxin-treated mice io clear carbon particles from
the peripheral blood, Colloidal carbon (Pelikan C11/143ta, Koh-
I-Noor, Bloomsbury, NJ) was stabilized with 1% geia'tin (Baiker
Chemical Co., Phillipsburg, NJ) and was injected intravenously as
a volume of 0,1 ml thét contained 16,9 mg of carbon, At 5 min
and 15 min after the injection of carbon, mice were anesthetized
with ether (&, R, SquibbAand Sons, New York, NY) and 0,02 ml of
ﬂlood was-removed from the retro-orbital plexus in heparinized
| capillary tubes (Capillafy micro hematocrit 73810, Kimble, Toledo,
OH). Blood was lysed in 2,0 ml of 0.1% NayC03 (J. T. Baker Chemical
>Co., Ehillipsburg, NJ), Optical densities of the lysed blood
samples were measured at 650'nm in a spectrophotometer (Beckman Du-2,
beckman Instruments, Inc., Palo Alté, CA). After the 15 min bleeding,
thé ﬁice were sacrificed aﬁd the wet weights‘of the livers and spleens
were determined,
The phagocytic index (K) was determined for each mouse by the
following formula:

K‘= logld 0L at 5 min - logyy OD at 15 min

10 min .
The phagocytic index corrected for differences in tody and
organ weight (<X) was determined for each mouse by the following

formula:
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o(-.:\B/K x (liver ﬁéi{?kxt + splee;mweigﬁt)‘
total body weight .
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ITI., RESULTS

Determination of amount of thorotrast to suppress the RES,

Extensive work by other investigators had established the standafd
dosages for CAR and MUS (7,9). Only limited réportstin older
1itérature had described the use of TT to suppress the RES in mice;
therefore, preliminary experiments sought to determine effective

' doseslfor TT. Alteration of RES activity was determined by comparing,
with normal mice, the ability of test mice to clear carboﬁ particles
from the periphqrairblood 24 h after the final injection of 1T,

Fig. 1 shows the effect of varying amounts of TT, administered i,p.,
on the clearance of colloidal carbon, Signifiéant RES suppression
occurred ﬁith 250 nmg dosés of TT., However, even multiple i,p.
injections of 150 mg TT on consecutive days did not alter RES
activity,

The injection of varying améunts_of TT i,v, also influenced
phagocytic activity, as shown in Fig. 2. Doses of 50 mg and 100 mg
TT i.v. were comparable in suppressing RES function, Again, the
phagocytic activity of mice that were given multiﬁle injections
of 50 mg TT i.v;‘on successive days was similar to those mice
that received fBS. With consideration given to the endotoxicity
potentiating effeéts of thorium dioxide (8), SO'mg i.v, of IT was
the chosen dose to be used. This was a compromise between an
amount that'would suppress effectivély the RES activity, but would

not potentiate, too greatly, endotoxicity,

19
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Fig, 1. BRES activity following injecﬁlcn of varying amounts
of TT i.p."RES activity was measured by the ability of test‘
mice to clear carbon particles from the periphgral bleood,

Mice were fested 24 h after the final injection of TIT. Each

value represents the arithmetic mean of two mice,

Symbolss
Open bars: Single injection of TT
Vertical crosshatches: TT given on iwo consecutive days

- Horizontal crosshatches: TT given on five consecutive days

20
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Fig.-z. BEé activity following injeclion of varying amounté
of TT 1.v. RES activity was measured by the ability of test
nice tb clear carbon particles from the peripheral biood.

Mice were tested 24 h after the final injection of TT, Bach

value represents the arithmetic mean of two mice,

Symbolss
Open bars: - Single injection of TT.

Vertical crosshatches: TT given on two consecutive days

22
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Attempts to penerate a pseudo-sccondary response with various

macrovhage toxing, It had been shown preyiouSly by Becker and
Rudbach (7, 9) fhét a single dose of LPS, given to.mice exposed.tb
MUS or CAR 21 days earlier, elicited a typical secondary type
'responSe. This "pseudo-secondary" response could not be génerated'
in the absence of the ﬁacrophage toxing (ie. when FBS was administered
in place of MUS or CAR); therefore, it becamé of interest to détermine_
the role the'macrophage‘toxins played in the generation of the
pseudo-secondary response. The'usé of maérophage tokins that would
suppress the RES by a mechanism other.than that employed by NUS and
CAR was;felt to be an important step in the iﬁvestigation of the-
role of the macroﬁhage toxin in the pseudo-secondary résponse.
In an atiempt to re-estéblish the system, groups of 5 mice

were treated with 'MUS or CAR on day 0 and then were given one or
two injections of LPS, Single doses of LPS were given either at

. 6 h after treatment with macrophage toxin or on day 21, Mice.
receiving two injections of LPS were injected 6 h after treatment
with macrdphage toxins aﬁd again on day 21. éontrol mice were
given PBS on day O and LfS at the times designated. fera wefe
collected on day 25.

Taﬁles 1 and 2 show that mice given NUS or CAR on day 0O and

a single dose of LPS 21 days later éo.indeéd generaﬁe a pseudo=~
secondary antibody response‘(groups A}, The magni£ude of this
response was cohpgrablé‘to a true.secondary response {ie, a response
to primary and sécondary injecﬁions of LPS) (groups E and F), Tﬁe

pseudo-secondary response of groups A contrast sharply with the
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Table 1

Generation of a pseudo-secondary response with silica (MUs) in white mice,

GROUP | TREATVENTS o b 2o C ar tTeRd
TAY 0 DAY 0 DAY 21 : TAY 25
A MUS ‘ NONE  LES 10
B PRS » NCKE g 545
c MUS LPS . NONE 5
D FRS Lps NCHE 6
E MUS ps - © LPS 10,5
F 11

PES LPS LIPS

210 mg LS 1,v, -

®y.1 ug LFS i.v. & h after MUS or PES

€1.0 ug LES i.p, ' _ S
dAntibody titers were obtained by passive hemazglutination tests, Bach value represents the
antibody titer of sera pooled from five mice. Titers are expressed as values cf x, derived
from the eguation, x = loz, ¥L/2), where BL was the reciprocal of the highest dilution of
sera that produced hemagglutinzstion,
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Ta

Generation of a pssudo-sescondary response

Yle 2

with feakem

carrageenan (CAR) in white mice.

GROUP TREATY DTS il ©° ar TI7RS
DAY 0 TAY © DAY 2% DAY 26
A CAP ROYZ - LrS 10,5
B PES IoNZ Lpe 7.5
c CAR LFS NGNZ 8.5
D PG LFS HONE 5
= CAR -ITS LPM 11
® PER Lrs e 10,5
G CAR qeYz RN 2.5
54 =8 NCNT ' NOJ.\..J e
; 5,0 mg CAR i.p. ‘
¢,1 ug LFS i,v, 5 h aftcr CAR or PES
c .
1.0 ug IPS i.r.,
¢ Antitody titers were obitained by passive hemazglut i ation tests, Bach value represents the an
t ter of sera pooled from § mice, Titers ars expressed as values of x, derived from the equat*on,
= logo (5T/2), where 3D was the reciprocal of the highest diluticn of sera that produced
emavg¢u ination,

92
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response of control mice that received PBS on day 0 and.the single
injection of LPS on day 21 (groups B).

Once the system was re-established, the use 6f macrophage
toxins other than NUS or CAR were employed. in attempts to generate
pseudo-segonﬁary responses, Various isomers of carraseenan exist
.which suppress £he RES in a manner similar to CAR (ie, by lysosomal
destabilization).‘ i-, K-, and A-carrageenans were given to groups
of 5 mice on day 0. LPS was administered on day 21, It can be seen
in Tables 3, 4, and 5 that, like CAR, the i, K, and Aisomers of
carrageenan would also elicit pseudo-secondary responses (groups.A).
These fesponses also mirrored frue secoﬁdary responses in magnitude
(groups_E and F)., Contol mice, receiving PES on day Ol and LPS on
day 21 (groups B) responded in a primary Ffashion, thus indicating
that the secondary respohsiveness of groups A was geﬁerated‘by the
i=-, K=, and A-carrageenans;

The cariageenans and MUS suppressed.tﬁe RES by lysosomal
destabilization and concomitant cytotoxicity (3, 15). To determine
if the mechanism of RES suppression by macrophage toxins played a
part in the generation of the pseudo-secondary response, TT was

’ embloyed. TT is a macrophage toxin that suppressed phagocytic
activity by RES blockade; no cytotoxicity was observed (68). Tagle
6 demonstrated that mice given TT on day 0 and LPS on day 21 do not

. generale a pseudo-secondary respénse (group A). The anti-LPS response
of these mice was essehtially the same as the mice that‘received
FBS on day 0 and LPS on day 21 (group B), MNice that were given

PBS or TT and two injections of LPS (groups E and F) generated

¢
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. Table 3

Generation ¢f a pseudo-secondary response with i-carrageenan (1-CAR) in white mice,

CROUF TERATHMIN TS 1° o >*C AB ‘I‘ITERd
TAY O LAY O DAY 21 DAY 25
A i-CAR NCHE LIPS g
B FES NOKNE Ips 7.5
c i-CAR LpsS NONE l
iy P55 LPS NONE 5 &
E i-CAR 1Pe IPS 11 o
F S Ipe LIPS 10,5
G i=-CAR Xolg NONE 1.5
PES XoNz NeNE 0
2 5,0 mg 1=-0AR i,
b 0,1 ug LPS 1,v, & h after i-0AR or PES
41,0 ug LIPS i.v,
d Antitedy titers obtzined by passive hemagglutination tests, Each value represents the ‘antibody
titer of sera po from five mice. Titers are expressed as vlaues of x, derived from the equation,

x = loz, (¥p/2), w
hemagzlutinaticrn,

re D was the reciproczl of the highest dilution of sera that produced



Tzble 4

Generation of a pseudo-secondary response with K-carrageenan (X=-CAR) in white mice,

62
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GROUP _ TREATY.ZYT Pb »C AR TITZR4
DAY O DAY 0 DAY 21 DAY 25

A K=CAR NCNE Lps 11

B ES NCNB LES 5.5

c K=CAR - Lps NCHE 6 -

D PES IpS NONE 6

E K~CAR LPS . LPS 10.5

F PES _ LESD IPS 11
5.0 mg K=CAR i,v.
0.1 ug IFS i,v, 6 h after K-CAR or FBS
1.0 vz LPS i.p,
Antitedy titers were obtained by passive hemagglutination tests, Each value represents the antibody
titer of sera pooled from 5 mice, Titers are expressed as values of x, derived from the equation,’
x = log, (¥D/2), where HD was the reciprocal of the highest dilution of sera that preduced hemagglu-
tinaticH, ‘
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Generation of a pseudo-secondary response with A-carrageeran {(M-CAR) in white mice,

Table 5

TREATMENTE-

100

i

DAY 21

B o>

DAY O

AN
B WY

NONE
LES
LIPS

Ips
es
NOME
NONE~
LES

a0 o'p
& Can
- C O

n
an

3

ng
11

(=]
ug

b
b

ody-

M=TAR 1,p,

IF3 i,v, 6 h 2

LFS i,p,

ter A=-CAR or PBS

titer of sera pcoled from 5 mice,

ody titers wers obtained by passive hemagzlutination tests, Each value represents the
Titers are expressed as values of x, derived
from the =quation, x = log, (¥D/2), where YD was the reciprocal of the highest diluticn of
sera that produced hemagglitination,

0g
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Table 6

“Attempt to generate a pseudo-secondary resronse with thorotrast (TT) in white mice,

GROUF TS ZATHENT® ©?d 2° As_TTTRd
DAY O DAY 0 DAY 21 DAY 25
A T EONE re -5
B =5 NCUE LPS 6.5
C T Lps NONE 5
D PES Lpg NCUE L.s5
B T LPS LFS 10 W
F rEg LPS LPS 9.5 ”
G T {OREH NQNE -0
oA PES NONE NONE - 2
a mm =
b 50 mg TT i.v, 7
‘0,1 ug IFS 1i,v, € h after 7T or PEBS
€ 1,0 v LPS i,3, : :
d Antibedy titers were cttained by passive hemagglutination tests, Hach value repre:er\ts the antibedy
titer of sera peoled frem 3 nice, Titers are e\pr ssed as values of x, derived frem the equation,
x = legp (%D/2), where HD was the reciprocal of the highest dilution of sera that zroduced
hemaggiutination,
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true secondary responses. Thus, 1t appeafed thaf the lysosomal
destabilizétion of macrophages was essential for the generation of -
a pseudo=-secondary responsc.

Duration of modulation of RES activity by macrophace toxins,

The use of various macrophage toxins in attempts to generate psevdo-
secbndar& responses had indicated that lysosomal destabilization and
the concomitant cytotoxicity of macrophages was a requirement for

the generation of a pseudo-secondary response, Earliér work by

Becker and Rudbach (7, 9), however, had shown that by 4 or 5 days
after‘treatment with MUS or CAR, RES function had returned to normal,
Therefore, RES activity was followed for 21 days after treatment with
macrophage toxins in order to determipe.if RIS fqnétion was still |
normal at the time the eliciting dose of LPAR wasvgiven. or if
phagocytic activity Had again become suppressed, thereby allowing

a bolus of antigen to stimulate the antibody producing cells,  The
macrophage toxins, MUS, CAR, and TIT were uéed to contrast the func;’
tional state 'of the RES at various times after macrophage toxin
administration with the means by which RES modulation‘waé achieved
(cell cytotoxicity vs. RES blockade). It was assumed that the

Seakem carrageenan would produce results similar to the isomers of
carrageenan; therefore, the latter werevoﬁitted in this study. Groups
of three mice were given macrophagé toxing on day 0. Phdgocytic acti=-
vity was.assessed by the ability of mice to clear carbon pafticles
from the periphetal blood. Control mice reccived PBS on day O, PFig. 3
shows the RES activity of mice after receiving NUS, By day 3,

phagocytic function had returned to normal, and by day 4 and thereafter,
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iMg. 3. Duration of modulation of Wuil activity fellowing i.v,
injection of 10 mg of KUS. RED activity was measured by tne
ability of test mice to clear carbon particles from the
periphoral blood, Nice were piven silica at time O and were
tested on the days indicatud. Control mice received Pl at

time O, Iach value represenis the arithmetic mean of three rmice,

Symbols:

Line A: Contirol mice

Line L: Test mice
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phagoéyticvfunction was even enhanced, Thus, on day 21, the day
the triggering dose of LPS for the pseudo-secondary response was .
.given, phagocytic activity was greater than normal, Similarly,
in Fig, 4, it is seen £ha£ on day 4, following treatment with CAR,
RES) functi@h had returned to normal., Thereafter an enhancement
of phagocytic activity was observed,

Treatment of mice with TT suppressed RES function for 50 h
(Fig. 5). Fig. 6 shows that after day 2 phagocytic function had
recovered and was even enhanced, Thus, the state of modulation |
of the RED was similar for the 21 days following the administration
of CAR, MUS or TT, although the toxins affected modulation of the
RES by different mechanisms,

The genetic requirements for reneratine psondo=-secondary

responses: attempt to generate the response in LIPS nonresponder

mice, - C3H/HeJ mice can mount a primary response to LPS, but lack
the genetic capabiliiy to produce a secondary response (53).
xperiments were designed to test whether C3H/HeJ mice had the
genetic cépability 1o géneraﬁe a psendo~-secondary responsc,

Groups of 3 mice were given NUS or CAR on day 0 and LPID on
day 21. Control mice received PBS on day 0 and LPS at the appro~
priate times, Dera was collected on day 25, Table 7 shows the
antibody responses of mice that received MUS on day 0, DNice that
were given MUS on day 0 and LPS on»déy 21 (group A) Aid not generate
a pseudo-secondary rgéponse. The titer of that group was similar
to the primary responses in control groups (groups E, b, and £),

Likewise, the data in Table 8 demonstrate that mice that were given

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fig. 4. Duration of modulation of RES activity following i,p.
injections”of 5.0 mg CAR. RES activity was measured by the
ability of te;t mice to clear carbonlparticles from the-
peripheral blood.' Mice were given CAR at time 0 and were tgsted‘
on the days indicaﬁed. Control mice received PBS at time O,

Fach value represents the arithmetic mean of 3 mice.

Symbolss
Line A: Control mice

Line By Test mice
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Fig., 5. Duration of modulation of RES activity following i.§.
injection of 50 mg TT, RES activity was measured by the
ability of test mice to clear carbon particles from the peri-
pheral blood, Mice were given TT»at time 6 and were tested at |
the times indicated. Control mice received PBS at time 0, Each

value represents the arithmetic mean of 2 or 3 ‘mice,

Symbols:
Line A: Control mice

Line By Test mice
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_Fig.‘6. Duration of modulation of RES activity following i.v.
injection ofb50 mg TT, 'RES.activity was measured by the
ability of test mice to clear cérbon particles from the peri-
pheral bloed, ﬁice were given TT.at time 0 and were tested at
the times indicated. Control mice received PBS at time 0, Bkach

value represents the arithmetic mean of 2 or 3 mice,

Symbols:
Line A: Control mice

Line B: . Test mice
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Tatle 7
Attempt tc zenerzte a pseudo-seccndary response with silica (NUS)

in LPS nonresponder mice (ie, C34/4eJ mice),

GROUFE . TROATHENTE

©° 2°C AB TTTERd
DAY © TAY O DAY 21 DAY 2
A HuS NCNE - LIPS L,s
3 P5S RONE : LIPS b,5
c PBS H¥CND NCHND 0
D PBS LES NCNE 2
B PES IFs R b,s
5 8.0 mg NUS i.v,
o 0.1 uz IFS i.v,
q 1.0 ug IPs i,p. : , -
Antibody titers were obtained by rassive hermagzlutiration tests. Zach value represents the
antibedy titer of sera pooled from 3 mice., Titers are expressed as values of x, derived fron
the equation, x = log, (4D/2), where ¥D was the reciprocal of the highest dilutlen of sera
that prcduced hemagglutination, :

r
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Table 8
Attenpt to generate a pseudo-secondaiy response with Seakem carrageenan (CAR)

in 1PS nonresponder mice (ie. in C3%/HeJ mice).

GROUP ' TREATN TS 10b | 20C Az TrTaRd
DAY 9 DAY 0 DAY 2¢ : DAY 25
A CAR NONE . Lps L,s
B PBS NONE LPS L,s
c CAR NONE NOYE 0
D PES NCNT Houm 0
E CAR NONE CAR 0
F PzS ~LPS ; NOHE' b,5
G P38 . LPS A LES I
5.0 mg ca2
0.1 ug LFS i,v,
g 1,0 ug LIPS 1,p,

Antibody titers were obtained by rassive heragglutination tests. Each value represents the
antibody titer of sera pooled from 2 or 3 mice. Titers are expressed as values of x, derived
from the equation, x = log, (¥L/2), where XD was ths reclprocal of the highest diluticn of
sera that produced hemagglutination,
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Ll
CAR on day“O and LPS on day 21 (group A), produced anti-LPS titers
that were comparable to the primary titers of control groups (groups
B, F, and G). | | |

These data indicated that if mice did not possess the genetic
capability of exhibiting secondary responsiveness to LPS, they
could not generate pseudo-secondary responsiveneés.to LPg., ‘There-
fore, the genetic requirements for a pseudo-secondary response mimiced
those requirements for a true secopdary responée.

Temporal kinetics for penarating secondary responsiveness,

Beforelthe kinetics for genérating pseudo-secondary responsiveness
could be examined, it was necessary to re-establish the temporal
requirements for genefating a trge secondary response, After.this
wﬁs established, kinetic comparisons of pseudo-seconda?y reéponsiveness
with true secondary responsiveness could be.madé.

Groups of threc mice were given primary ihjections of LPS on
day 0 and secondary injections of LPﬁ on varying days after the
primary injections, Sera were collected 4 days after the final
injections of LPS, |

Data from Fig. 7 show that a second injection of LPS would not
generate a secondary response until approximately the 9th day after
the primary'injection. Thereafter,.anti—LPS titers increased until
the end of the experiment, 21 days after the primary injéction.‘

Kinetics of the pseudo-secondary response, Once the kinetics

for generating a true secondary response were established, the
kinetics of the pseudo-secondary response could be examined, These

data might indicate a similarity in the mechanisms by which the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig, 7. The effect of varying the timing of the secondary
injection of LIPS with respect to the pximary injection of
LIPS, 1.0 ug LPS was given i,p, on day 0, A second, 1,0 ug
injection was administered i.p., on the days indicated, Con-
trol miée received only a single 1.0 ug dose of LF3 on day 0,
Mice were bled 4 days after the final injection of LPS.
Antibody titers were obtained by passive l'xemagglutina'tiér;
tests, Lach value represents the antibody titer of sera
pooled Trom three mice, Tilers are‘expressed as values of.
X, derived from the equation, x =.lbg2 (ip/2), where HD was
the reciprocal of the higheét dilution of sera that produced

hemagglutination,

Symbols: g
Iine A:; Control mice

Liﬁe B: Test mice
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7
Atwoiresponées‘were éenerated. Therefore, groups of four'mice were
given CAR on day O, LPS was administered at three day iﬂtervals
after the injection of the macrophage toxin and sera were collected
4 days after the injection of LPS, Fig, 8 shows that a pseudo-
secondary response could not be mounted before approximately the
9th day after treatment with CAR, Peak secondary anti-LPS tiﬁgrs
were seen on day 12 and thereafter, It was concluded that the
Ikinetics of a pseudo-secondafy respoﬁse gencrated with CAR were
éimilar to the kinéticsbof a true éecondaryAresponse. Therefore,'
the mannef by whiéh'the pseudo-éecondéry response was generated
required timing that was.similar to that required by the mechanism
genepating true secondary responsivénéss.

Modulation of RES activity by CAR in athymic nude mice, Before

the generation of pseudo4secdndary responsivéness could be attempted
iﬁrnude mice, it was necessary to determine if RES suppression

could be achiéved with the standard doses of ﬁadropﬁage toxins,

NUS was found to be toxic to the nude mice.ét doses that'suppressed
RES funcpion;ltherefore, MUS was omitted in the following investigatic

Groups of mice were given the standard dose of CAR at timé 0.

Phagocytic aétivity Was assessed by the ability of mice to ciear
colloidal céibon frqm.the peripheral blood until 72 h after the |
administration of CAR. The phagpcytic.funétion of mice treated
~with GAR'was compared with the phagocytic function of both nude
mice that received PBS at time.O and‘normai‘littermate mice that
received CAR or PBS at time 0, On Fig, 9 it can be seen that the

RES function of the nude mice that received CAR was initially suppres

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig, 8, The effect of varying the timing of the administration
of LPS with respeCt to the administration of feakem carrageenan
(CAR). CAR was given on day 0 and LPS was administéred on the
days indicated, Mice were bled‘@ déys after the injection of

'LPS. Antibody titers were obtained by passive hema{;glutina_tion
tests. Eéch value represents the antibody titer of sera pooled
from four mice, Titers afe expressed as values of x, derived

fromlthe‘equation, X = lbgz (iD/2), where HD was the reciprocal

of the highest dilution of sera that produced hemagglutination,

Symbols:

Line A: PBS day 03 0,1 ug LPS day O

Line B: PBS day 03 1.0 ug LPS day 21 _

Line C: PBS day 0; 0.1 ug LIPS day O3 1.0 ug LPS day 21

Line D: 5.0 mg CAR day 0; 1.0 wg LPS on the days indicated
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Fig, 9, Modulation of Risd activily by lecakem carrapecnan (CAR)
in athymic nude nmice and their normal littermales, Rud activity
was measured by the ability of mice to clear carbon particles
from the peripheral blood, Nice were given 5,0 mg CAR i,p. at
time 0 and were tested at the times indicated, Control mice

received PBS at time 0, ilach value repregents the arithmellce

mean of two mice,

Symbols:

Line Ay HMude control mice
Line &: lHormal control mice
Line C: lNormal test mice

Hade test mice

-
[
ot
D
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52
to a levelnbelow thét suppréssion obtained in CAR-treated euthymic
mice., By 70 h after treatment with CAR, the phagocytic activity of
the nude mice had returned to normal..

From these data it was determinpd‘that the standard dose of
CAR couldlsuppress RQS function in nude mice to a degreé'similar
to the‘sﬁppréssion achieved with CAR in normal mice, Therefore,_

5 mg CAR was used in attempts to generate a pseﬁdoFsecondarx response
in nude ﬁice.‘

CAR iaotentiates the endptoxicity‘of LPS (8), and this standard
dose proved to be toxic to £heAnudelmice in the 1oné~term experiments
that were reéuired for determining pseudo-secondary responsiveness,
'Experiments were thqn.designed to 'determine whether or not a dose of
CAR could be found that would still produce effective RiS suppression,
Eut be less ioxic for the nude mice, Nude mice were giveﬁ varying
amounts of CAR at time 0.‘ RES activity was measured a£ the times
indicated by the ability of mice tq clear carbon particles from
the peripheral blood., Fig, 10 and 1{ show the RES function of
nude mice and their normal littermates for 72 h after treatment
with CAR, " In both nude and in littermate controls 4,0 mg CAR was
the lowest dose that would significantiy suppress phagocytic activity,
Therefore, this was chosch £o be the standard dﬁse of CAR in the
following experiments with nude mice,

Attemptl to _generate a pgeudo-secondary respons~ in alhymic

nude mice, The requirement for T cells in the pseudo¥secondary
response was asseéssed by the use of cdngenitally athymic nude

mice, LPS isa T cell independent antigen and can elicit good

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig., 10, RES activity following injection of varying amounts
of Séakem éarrageenan (CAR) in athymic nude mice, Nice'were
given vgrying amounts of CAR at time O and RES activity was
measured at the times indiéated. Contfol mice received PBJ ail
time O, RBS function was‘tested by the ability of miqe to
clear carbon particles from the peripheral blood, Kach value

represents the arithmetic mean of two mice,

Symbols:

Line A:r 1.0 mg CAR i.p,
Line B; 2.0 mg CAR i.p.
Line C: 3.0 mg CAR i.p.
Line D: 4.0 hg CAR i.p,

Line B3y Control mice
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Fig. 11, RES activity following injection of varying amounts
of Seakemlharrageenan (CAR) in normal littermate mice. Mice
were given varying amounts of CAR at time 0 and RES activity
Wwas measﬁred at the ﬁimes indicated. Controi mice received
PBS at time 0, RES function was tested by the ability of
mice {o élear carbon particles from the peiipheral blood,

Each value represents the arithmetic mean of two mice,

Symbols:

Line A: 1,0 mg CAR i,p.
line B: 2,0 mg CAR i’P',’
Line C: 3,0 mg CAR i.p.
Line D: 4,0 mg CAR i,p,

Line E1 Control mice
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antibody responses in the absence of T cells, Athymic nude mice
were used to determine if a pseudo-secondary response could also
be generated in the absence of T ceils.

Nude mice and their hormal littermates were treated with CAR
on day O, One or two injections of LPS were then given, £fingle doses
of ‘LPS were given either at 6 h after treatment with CAR or on
day 21, Mice receiviﬁg two injections of LPS were injected at
6 h after treatment with CAR and again on day 21. Control mice
were giyen PES on day O and LPS at .the times designated, Cfera
were harvested on day 25. Toxicity problemé'were encountered
in this experiment, in spite of the reduced CAR dosage., By the
time sera were harvested on day 25, toxicity deaths had reduced
many gioups to'oﬁe or two mice, Therefore, any conclusions

~drawn from tﬁis data are tenuous, However, f;om Table 9vit,can
be seen that a pseﬁdo-secondary response could nbt be mounted
in the absence oflT cells (group A). Mice witﬁ normal T cells
could generate a.pscudo-secondary response (gr&up c); therefore
the presence'bf T cells appeared to be.a requireﬁent for the
@nera{ion_pf a bséudo-éecondary response, .Nﬁde mice exhibited
normél primary (compare groups B and'F) and Secondar& (compare
groups G and 1) responses. Therefore, with only a minimal améunt
Aof data upon which to base this tonclusion, priming for a pseudo-
secondary response éppeared to have a T cell'réquirement. However,

T cells were not required for generation of a true secondary response,
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Table 9

Generation of a pseudo—secondary I‘°spon'=e with Seakem carrageenan (CAR)
“in the prcsence and absence of T cells (ie, in athymic nude mice and their normal littermates).

b

GEOUP ¥OUSE _TREATMENTS 1°° - 20¢ a8 TITERd
DAY 0 DAY 0 DAY 21 DAY_25
A nu/nu CAR NCNE . Lpg 3.5
B nu/nu PES _ NCNE LPS 3
c nu/+ CAR NONE ps 8
D nu/+ PSS NCNE LPS L
B nu/ru PBS LIPS NONE 2
P nu/+ 28 . i NOHE 1
G /0 Pes - Lpa A LIPS 7.5
H nu/+ CAR LFS 'LF2 .5
I ru/+ PES . LIPS Lps 6 -
J nu/+ CAR neyg NCHE 0
a N .
L,0 mg CAE i,p.
0.1 ug LIPS 1,v,
1 1.0 ug LFS 1,7, ,
¢ Antitody titers were cttained by passive heregglutination tests, Each value represents the antibody

titer of sera

‘equation,
hemagglut

_'
....

X

-
(9

rooled from three mice, Titers are exyressed as values of x, derived from the -

1052 (HD/Z)D

len,

where HD was the reciprocal of the highest dilution of sera that produced

g5



1V. DISCUSSION

During the course of a recent stﬁdy of the role of macrophages
in antibody responses, the phenomenon of pseudo-secondary responsive-
ness WaS'discovered (7, 9). It was 6bserved that one dose of LPS,
given to mice that were treated with macrophage toxins 21 d previouély,
elicited a typical secondary type respbnse. The presenﬁ investigation
revealed a strong similarity between true secondafy respohsiveness
and the single éntigen doée-pseudo—secondary response, In fact, it
appeared that thé macrophage toxiné, CAR and MUS, primed animals’
foi a secondary anti-LPS response, |

‘The mechanism of pseudo-secondary responsiveness was investi-
gated in the following mannef. First, the mechanism by which

" various macrophage touins elicited RES suppression was correlated‘

' with their capability to generate the pscudo-sscondary response,
It was determined that oqu fhose macrophage toxins that produced
lysosomal destaﬁilization and subsequent cytotoxicity could generate
pseudo-secondary responsiveness, Therefore, the consequences
of the lysosomal destabilization‘and cell death--either £be releasc
of factors upon macrophage auntolysis or factors involved‘in ihe
subsequent regeneration of the macropbage population--appeared to
be responsible for priming activitieé.

Next, the functional state of the RLS was observed, following
treatment with various macrophage toxins, until day 213 this was
the time at which the elliciting dose of LPY was administercd, It

was seen that by day 5 after treatment with macrophage toxin,

. 59
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RES function wés normal and that normal or enhanced phagoecytic
activity continued until day 21. Thus, macrdphage function was
at a normal or an enhanced ievel at the time the pseudo-secondary
response was triggered, These functionasl macfophages could have
" participated in the generation of the immunological responsiveness
that was observed,

Finally, the genetic and kinetic requirements, as ﬁell as
the T cell dependency, of a true secondary response werc compared
to those requirements for a pscudo-secondary response, The genetic
and kinetic reduirements for pseudo-secondary responsiveness
appeared to be identical to those requirements for true secondary
responsiveness to LPS, However, one differenpe was discovered
in that the true secondary response to LPD could be generated
in the absence of functional T’célls}vwhereas pséudé-secondary
responsiveness could not.v‘It must be remembered, however, that
the daﬁa frpmrthe attempt to generate pseudo=-seondary responsive=
ness in nude~mice were tenuous, If further investigations can
establish a dosage regimen of macrophage toxins that will not
.potentiate endotoxicity £o too great an extent in nude mice, more
valid experimental dat# can be obtained on the role of T cells
in the pseﬁdo-secondary response, However, if ihe_above data,

which indicated that pseudo-secondary responsiveness was T cell

dependent, were valid, then perhaps the priming reaction in the
pseudo-secondary responses was dependent on T cells, This inter-
pretation would change the focus of the effect of .the macrophage

toxins away from the latter, tfiggering events in the secondary

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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response to a T cell dependent priming event,
The generation of pseudofsecoﬁdary responsiveness appeared
to oceur by a mechanism similar to that generating true secondary
responsiveness. The role of the magrophage‘toxins-in the pseudo-
secondary phenomenon may have been to generate a population of
memoiy_cells'that prihed the mice for a specific secondary resp&nse,

upon subsequent contact with LPS,

Macrophare toxins and the pseudo—secdndary response, The

use of the variouse isomers of carrageenan; MUS and TT in attempté

to generate pseudo;secondary responsiveness ievéaled that the
mechanism-by which RES suppression was achieved was an important
factor in the induction of the response, TT suppresses phagocytic
function by EES blockade.(68). o cell destruction was observed

aftef TT treatment, and recovery of phagocytic activity was not
dependent on £he generation §£ a.new cell population (68). Conversely,
.macrophége cytotoxicity was the méans by whigh CAR and MUS produced
RES suppression, Once’phagocytosed. CAR‘and MUS were responéible

for lysosomal-destabilization, which led to rupture of the lysosomes
with the subsequent release of digestive engymes and eventual cell
deéth (3, 15). Pseudo-secondary responsiveness was observed with

MUS and ihe various isomers of carrageenan; however, a pseudo-~
secondary response could not be mounted in fhe presence of TT, There-
foré, the autolysis of maérophages and/or their receneration
apbearedAto be a requisite for the generation of pseudo-secondary
responsiveness, Merely suppression of RED function was not sufficient

to prime for a pseudo-secondary response.
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RisS modulation and the pseudo-secondary response, Exanination

. of RES fiunction for 21 d in mice that had received CAR, MUS, or
TT, had determined that at appioximately 5 d following administration
of the macrophage toxins, the suppressed phagocytic activity had.
returned to normal; in fact, it was even enhanced, Although the
recovery from RES suppression hy QAR,‘MUS, and TT appeared to

~ be e@ually complete, it wés apparent that the mechanisms ofv
recovery could not have been identical, The macrophages pre‘:;ent
at day 21 iﬁ mice that had been given TT were those that had been
suppressed on day 0; they had recovered their normal phagoéytic
function (68), ‘Mice that were given CAR or MUS were depleted
of their macrophage populations (3, 15). Therefore, the normal
phagocytic activity secn after day 5lwas the result of a new
population of macrophages., The enhanced phagocytic activity
that was seen following RES recovery in mice trcated with NUS,
CAR or TT was probably due to a rebound effect,

It had been postulated previously that pseudo-secondary
responsiveness was the result of excessive stimulation of progenitor
antibody~forming cells by a bolus of antigén that had not been
sequestered in the macrophage-impaired mice (9). The present
results showed thatAmacrophgge‘function was normal at the time
the eliciting'dose of LPﬁ was administered, Therefore, antigen

. sequestration would have occurréd normally, and the carlier postulate
was not the means by which the pseudo~-secondary response was gencrated,

As mentioﬁed‘earlier, destruction of macrophages may have

been required for generation of pseudo-secondary responsiveness,
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The reléasé of factors from the ruptured macrophage lysosomes or
frombthe macrophages theméelvés could have served to prime B
lymphocytes for 4 secondary anti-LPS response; these might have
substituted for the LPS molecule. The immunodeterminant group of
antigen alone apﬁaréntly éan stimulate unprimed B lymphoéytes

to produce a primary antibody response aﬁd to sensitize the
~animal for a secondary anti-LPS response (64). However, triggering
of a secondary response reQuired‘both the antigenic signal and

a second, mitogenic signal; the lattér is present in LPS as the
lipid A portion of the molecule (64), The macrophage-derived
factors may have been sufficient to substitute for the LPS molecule
in the priming of B.cellé, so that when LPS was administered on -
day 21, the previously sensitized B lymphocytes mounted a secondary
response,

It is unlikely that'the4macrophage toxins tﬁémseives primed
the B lymphocytes, CAR and LPS:0113 do share come structural
similarities, in that bLoth contain galactose ﬁnits (36, 40),.and
it could be postulated that this étructural similarity would
allow CAR to subétitute~fox LPS in priming functions, Hovever,
the pseudo-secondary response is also observed with NUG, a material
that bears no structural resemblancé to L‘S.‘ Therefore, it is
moré reasonable that the consequences of MUG and CAR administration,
iather fhaﬁ thé macrophage toxing themselves, were responsible -
for priming for a secdndary anti-LPS reuponse,

. Another aspect that must be considered{is the population

_ of new macrophages that arose after macrophage depletion by CAR
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or MUS, This populatién vWas. young and capable of optimal processing
of antigen, ‘Therefore, when LPS was introduced into the éystem,
it could be processed very efficiently and presented to the antibody-
- forming cells, These ydﬁng macrépha@es also may have been capable |
of inéréased‘production of IL-1 (56). The resultant proliferaﬁion
of T cell cloﬁes may have aided macrophage derived factoré in

the priming of B 1yﬁphocytes.

The renctiec reguirements of the paeudo-scenndary responsc,

The pscudo-secondary response could not Le generated in the LES
nonresponder, C3l/HeJ mice. C3H/HeJ mice have a defﬁct in a
singlg autosomal dominant'gene (53) that is manifested by an -
inability of thelr cells, or the lack of a menbrane component on
their cells, fo react with the 1ipid A portion of the LS molecule
(53, 67). Therefore, these mice could not respond to the second
signal of LPS and could not mount a secondary responsé to LPS,

The fact that C3H/HeJ mice could not generate a pseudo-secondary
response to LPS suggested that the genetic requirements for pseudo-
secondary responsiveness “ere the same as those for true seccndary
responsiveness, Thus, mice mﬁst POSLess the‘genetic capability to-

" respond to the second, mitogenic signal of LFS in order for pzeudo-
secondary responéiveness to be manifested, This, agalin, supported
the hypothesis that the effects of CAR and HUé were exerted at
the‘level of priming the B lymphocytes for a secondary anli-LPQ
response; in all probability, triggefing of a secondary response
occurred in a normal manner, vIﬁ both cases, when the trighering

dose of LPS was administered on day 21, the sensiltized lymphocytes
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were stimﬁlatéd by the lipid A portion éf the molecule to seéondary
' responsiveness., Thus, upon their first exposure to LPS, mice
treated with MUS or CAR reacted as if they had been previously
sensitized to the LPS immunodeterminants.

The kineticsg for development of the pseudo-secondary response,

It was eétab;iéhed that the kinetics for development of pseudo-
secondary'respﬁnsiveness followed those for gener&tion of true
secondary responsiveness. The present study confirmed earlier

work (51) that had determined that a 10 to 14 4 interval between
priméry and secondary injections of LPS was required fo; generation
of a secondary response, Likewise, pseudo-secondary responsivehess
‘reQuired at least a 10 d interval between administration of the
maérophage toxin and injection of LPS. It appeared that the
‘fseudo-secondary response wWas generated by a mechanism that required
the same timing as that mechanism producing a true secondary
resbonse. Again, it seemed reasonable to postulate that the
pseudo-secondary response was triggered in the same manner as a
true secondary response; thé difference in the two responses
occurred at the level of priming,

An alternative hypothesis could be suggested. The required
interval between macrophage toxih-administration and injeption of
LPS was 10 d, RES function was shown to have recovered from
éuppression by MUS or CAR by day 5 following treatment with macrophage
toxin, An additional 5 d may havé been required for'this young
population of macrophages’to have matured to +the .level that

they could process and present antigen effectively., Once the
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antigen haﬁdling capabilities had been-established, thesé young;
.macrophages may have been able to process'and to present an{igen
much more effiéiently than could an older population of macrophages,
The result of increésed éntigen processing may have been manifested
by a heightened antibody response to the 51ngle dose of LFS.
However, other rcsults of this study lent the most credibillty
to an. hypothesis whereby treatment with macrophage toxins primed
~the B lymphocytes and the single dpse of ‘antigen triggered secéndary

responsiveness in a normal manner,

The requirement for T éells and the pseudo-secondary response,
The potentiation4of endotoxicity by CAR (8) was é problem in the
experiments with nude mice. Amounts of CAR that would suppress
RES function but would not potentiate endotoxicity to too
-great an extent in the short term experimenté, still did potgntiate
endotoxicity too'mudh for long. term experiments. A non-potentiating,
and yet RES-suppreséihg; dose of CAR was not found, Therefore,
the lethality of the combined treatment reduced the numbers of
mice in many of the experimental groups to the point that the
data were not statistically sound, Any conclusions made from
these data wefe tenuous and should be subjected to validafion
when an acceptable experimental system can be designed,

The data that were obtained did‘suggcst, however, that a
pseudo-secondary response could not be generated in the absence
of T cells. This'finding is contrasted to true-secondary respon-
siveness, which could be generated in the absence of T cells, If

true secondaiy and pseudo-s ncondary responses are 1dentlca1 at
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the level éf LFS triggering (the second signal), then the T cell
dependency of the pseudo=-secondary response occurred at the level
of priming. Assuming that IL-1 production by young macrophages was
. important in priming B lymphocytes, then the lack of a pseudo—'
secondary resp&nse in nude mice would not be surprising, The IL~1
responsive 1L-2 producing cells are lacking or nonfunctional in
- nude mice (56). Therefore, the interleukins would not function
in the nude mice, and the mice could ﬁbt have been primed, by
ﬁreatment with CAR! for pseudo-secondary résponsivéﬁess to LPS,
A simple T cell dependency 6f the'macrophagg-derived factors
involved in priming also would haye resulted in éhe abrogation of
the pseqdo—secondary responée in nude mice. Thus, a T cell dependent
factor that could prime B lymphocytes for a secondary anti~LPS
. response would not have been able to operate in the athymic nude
mice, Also; the interleukins, which are responsible for the .
increased numbexr of T-cells that might aid B lymphocytes, could
not function in the nude mice,
Conclusions, The treatment of mice with the macrophage toxins,
CAR, or lUS, 21 4 prior to the injection of LPSO resﬁlted in a
typical secondary-type antibody response, The above results
have led to the postulation oi‘ the following mechanism(s) for the
generétion of this response (see Fig. 12). Facrophages that were
treated with CAR or MUS underwéntvlysosomél desiabilization and
subsequent autolysis, ‘During autolysis, factors were released
from the macrophages that were capable of signalling B lymphocytes

to differentiate into memoxry cells., These macrophage-derived factors
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FIG, 12. THE GENLRATION OF PSUDO-SECONDARY RESFONSIVENESS
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could have functioned in a manner similar to the immunodeterminant
group on the LPS molecule; they provided theinecessary signal

to B lymphocytes, When LPS‘was administered on day 21, the primed

B lyﬁphocytes were able to responﬁ in # gecondary fashion, as if
they had encountgred LPS previously, when in fact; this was their. -
first exposure to the antigen, As the macrophage population
recovered from depletion by CAR or NUS, young, healthy macrophages
may also have contributed to the pseudd-secondary responsiveness,
Interleukin production‘b& young macrophages could have paused

the proliferation of clones of amplifier T cells which, in turn,

may have driven B lymphocytes to further proliferation, Operating
'altérnatively to or in bonjunction with the above reactions, yoﬁng
macrophages may have processed and presented antigen more effectively,
thusrcausing a heightened antibody response, This could explain why
a single dose of LPS can, indeed, generate a secondary-type antibody
response,

The data generated in this studyrhave shown that the mechanism
by which the pseudo-secondary response was induced bperatcd at the
level of priming, The triggering activities required for péeudd-
secondary responsiveness appearéd to be identical to those required for
a true secondary response; Therefore, the early theory that suggestéd
a mechanism whereby p:ogenitor antibody-forming cells were cxcessively
siimulated by a bolus éf antigen that had not been sequestered in the
macrophage-impaired mice (9) was proved to be in error, and interest
was focused at'fhe briming step.

By centering the investigation of the mechanism of pseudo-
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secondary responsiveness at the priming step, many questions have
. arisen, Do macrophagés contain substances that could replacé the
LPS immunoﬁetermihant.group in sensitizing 1ymphocytes?‘ What, . if
any, role does the dcstabilization of‘macrophages play in geﬁerating
. this substance(s)? Do interleukins play a part inrgenerating the
pseudo~seéondary response? Will interleukins prime mice for a
pseudo-secondary response? Answers to these questioﬁsvwill result in
a élearer understanding of the mechanism by which pseudo-sécoﬁdary

responsiveness 1s generated,
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V., OSUMMARY

Previous work.had established that a typical secondary type
response could be generated by a singie dose of LPS that had
been administered to mice treated with tﬁe macrophase Loxins, CAR
or MUS, 21 d previously (7, 9). The mechanism of this phenomenon
was investigated and it was determined that the requirements
for pseudo~secondary reSpoqsivéness paralleled those for true
secondary responsiveness, The requirement for T cells was the
only exception;.pseudo-secondary responsiveness required the
presence of T cells and a true secondary response could ke generated
in their absence, It was postulated that theApseudo—secondary
response wWas generated in a4manner similar to the generétion of a
true sécondarj‘resppnso. The differcnces between the two feéponses
probably occurred at fhe level of priming, Primihg for true secondary
responsiveness was achieved by previous contact with the molecule
of LPS, but pseudo-secondary priming was dependent upon iysosomal
destabilization of macrophages by CAR or MUS,

Attempts to generateIpseudo'secondary reéponsiveness with
i¥,l<—, andJKfcarrageenans were successful, ilowever, attempts
to generate the phénomcnon with TT, a macroéhage toxin that suppressed
the RES by physiological blockade (68), rather than by lysosomal
destabilization and autolysis of macrophages, failed. Froﬁ this it
‘was determined that lysosomal destabilization and cytotoxicity of
macrophages was .a requirement for the generation of the response,

Phagocytic. activity was followed for 21 d after treatment
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with CAR, MUS, and TT by determining the ability of mice to clear
colloidal carbon from the peripheral blood, It was found that RES
function had ‘returned to normal by 5 d aft‘er treatment with the
macrophage toxins, Normal or enhanced phagocytic aciivity continued

until day 21. Therefore.'macroﬁhages were fuﬁctionally at a
normal or an enhanced level at the time the pseﬁdo-secondary response -
" was generated, |

C3H/HeJ mice, mice that lack the genetic capability to mount
secondary respoﬁsiveness to LPS, were also unable to generate a
pseudo-secondary response to LPs; This indicated that the genetic
requirements for pseudo—secopdary responsivéness faralleled those
for irue éecondary-responsiveness.

- Likewise, the kinetics of the pseudo-secondary response
followed those of true secondary responsiveness, A second injection
of LPS would not elicit a secondary response until at least 10 d

" after the primary injection of LPS, At least 10 d were also required
between treatment with macrophage toxins and the injection of LPS
for the generation of pseudo-secondary responsivencss,

Results basod on relatively meager data suggested that, unlike
true sécondary resﬁonsiveness, pseudo-secondary responéiveness

; required the presence of T cells,

A mechanism for pseudo-secondary responsiveness was postulated
that attributed priming for the pscudo-secondary response to the
consequences of the ﬁaérophage toxins, Substances capable of
B lymphocyte priming were released from macrophages treated with

MUS or CAR. Thus, a population of sensitized B lymphocytes were
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available when LPS was administered on day 21, These cells responded
to the antigen in a secondary fashion, mounting a secondary response

to their first encounter with LPS,
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