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Contract DA=91-591-EUC-2841

Research ons "The mechanism of action of adjuvants"

ABSTRACT

One year's work on the mechanism of action of adjuvants has been
centered on the effeets of endotoxins on various aspects of the antibody
response., This has been done with experiments on rabbits and experiments
on mice.

The experiments on rabbits have shown that endotoxins exert an

adjuvant effeoct on the early stages of the antibody response, inducing

an inorease mainly of 195 antibodies; when the animals were immunized with
conjugated hapten it was noticed that the adjuvant effect of endotoxins
resulted in an increase mainly of the antibodies directed against the carrier
protein rather than against the hapten itself. A study with histology and
immunofluorescence of the spleens of animals 8 days after the immunization
with protein antigens and endotoxins showed that the effect of undotoxins
was mainly that of incrvasing the number of large '"blast" cells in the peri-
arteriolar sheats and, sven more so, in the gorminal centers, with oconsider-
able decrease of the number of small lymphoocytes; most of the new ocells
appeared to ocontain 198 gamma globulins.

The adjuvant effeoct of endotoxins was not significant, instead, in
an experiment in which one single dose of endotoxins was followed by a
complete course of immunization with protein antigens alone.

In experiments on mice the aotual number of cells produoing anti-
bodies against sheep red cells (SRC) per mouse spleoen; was measured follow=
ing the agar-plating teohnique of Jerne and Nordin (1963). The effect of
endotoxins, when administered together with the antigen was a oonsiderable
inorease of the numdber of antibody=-producing cells only in the Jory early
stages of the immune response; later on the animals that had received anti-
gen only “oatohed up" with those that had also received endotoxins.

>
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In the spleens of untreated mice, in confirmation of earlier work

of Jerne and Nordin, a few cells producing anti-SRC antibodies were detected;

the number of these inoreased greatly after adwministration of endotoxins

alone, Because a variety of antigenically different endotoxins were equally
effective and because anti-SRC antibodiee that appeared in the serum could
not be absorbed by high amounts of the endotoxin used, it was concluded that
the effect observed with endotoxin alone was not due to antigenic determinants

common to endotoxins and SRC, but to & non specific stimulation of cells

producing "natural" antibodies.

The histologiocal examination of the spleens of mice revealed an
endotoxin effect on lymphoid cells similar to that already observed in rabbits,
namely a considerable increase in size of the germinal ocenters of the folliocles
with oomplete or almost oomplete disappearance of the halo of lymphocytes.

From the work done it is concluded that the adjuvant effect of
endotoxins is due to a direot "non specifio" effeot on the imwunologiocally
competent cells, whioh beings to a large inoreasv in number of immature, §
193 producing, "blast" elements; this inorease in number of the "blasts"
appears due to their enhanced mitotic activity and possibly also to trans- i
formation of lymphooytes. :
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December 1st, 1963 - February 29th, 1964
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In the course of months of December 1963 to February 1964, our
research on adjuvants has been centered on further studies on the cellular
reactions in the spleens of rabbits immunized with antigens with and without

endotoxins. These further studies have been designed to investigate whether

e e N P ITIORS

an administration of endotoxins with the first shot of antigen, followed by

repeated injections of the antiyen alone, would still show an effect on the

cellular reactions in the spleen and on serum antibodies at the end of the

complete course of iuwmunization. A comparable condition, in human beings,

might be that of a single shot with associate typhoid and tetanus vaccines

followed by administration of tetanus toxoid alone.

The experimental set-up has been the following: adult rabbits have

been divided into two groups:

! A) Controls: 5 mg BSA (Bovine serum albumin) + 5 mg HGG (human gamma globulin)

; have been injected intravenously every week during 4 weoksj then after

; an interval of 2 weeks, the animals revceived a booster intravenous dose

; of 2.5 mg BSA + 2.5 mg HOG and have been sacrificed 4 days later. Then

f the serum antibodies to BSA and HGO have been determined by conditioned

hemagglutination and the spleens have been examined by:

a) Hystology, after staining with methyl green=-pyronine

b) Immunofluorescence, dutecting gamma globulins with a fluorescein -
oonjugated goat anti-rabbit gamma globulin antiserum and deteoting
anti-BSA and anti-HGQ antibodies with the "sandwioch" technique of
Coons et al. (A.H. Coons, E.H. Leduc and J.N. Connolly = J. exp. Med.,
102, 49, 1955). In some experiments anti-BSA and anti-HOG antibodies
have boen detected in the same seoctions using on the sandwioh,
rhodamine~conjugated anti-BSA and fluorescein-conjugated anti-HGG.
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B) Experimental animals: these animals have been treated exactly as thosse
of group A, but have received 10 microgm of E.coli endotoxin (Difco)

iatravenously togethe: with the first injection of the antiygens.

I - HISTOLOGICAL OBSEAVATIONS (methyl green-pyronine)

In the animals that received antigen alone the more prominent

RIS I M B T

change with respect to untreated rabbits, is a moderats increase of the

average size of the lymphoid follicles; outside of the lymphooytic mantle
of the follicles a well delimited row of pyroninophilic "blast" cells is

observed, the pyronine staining of these elements being definitely more

p o by D e A oS B L[ A R e TR

intense than that of those in the germinal centers.

The periarteriolar sheats are thicker than normal and many large
pyroninophilic elements are present in the outer layers. In the red pulp
more or less mature plaama ocells are visible in rows or clusters, here
clumps (1-6/u) of intensively basophilic matter (presumably nuclear residues)
are also visible, .

In the animafa that received endotoxins together with the first
shot of antigen the two following aspoots are different from the pioture
desoribed above: 1) the lymphoid follioles are larger, because the germinmal
ocenters are laryer and show more numerocud oells undergoing mitotic division.
2) the periarteriolar sheats are also thioker, mainly due to & higher
number of large pyroninophilic cells in their outer layesrs. No relevant
differences are seen in the numdber or distridution of the plasma ocells in

the red pulp. .

The dnfootion, by immunofluoresocence, of oulls oontaining anti-
=B8A or anti-HOO antibodies bas shown that in the spleen of the pabbite
| legeived the oourse ¢ alection of antigens withe ndotoxin
these oells ocorrespond mainly to the pyroninophilic elements found at the
poriphery of the lymphoid follioles (outside the lymphooyte wall) und in
the outer layers of the periarteriolar sheata. |
When doth anti-B8A ~nd un‘i-nnd antibodies have been loocalised
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in the same section (as has been .ccomplished with the "sandwich" technique
and with the use of rhodamine-conjugated anti-BSA and fluorescein-conjugated
anti-HGG) it has been possible to show that anti-BSA and anti-HGG antibodies
are produced by different cells; these, however, are distributed at random
so that at the periphery of each lymphoid follicle or amongst the elements
of each periarteriolar sheat beth anti-BSA and anti-HGG-containing cells

ar? seen. Spleen sections adjacent to those stained specifically for anti-BSA
or anti-HGQ were stained with fluorescent anti-rabbit GG antibodies (goat):
these were fixed by the plasma cells in the red pulp, by the larger elements
outside the folliocles and in the periarteriolar sheats and also by the cells
in the germinal centers.

In.the animals that had received endotoxin together with the firat
shot of antigens the number and disposition of cells containing anti-HGG or
anti~-BSA was not, at the end of the completo course of immunization, much
different from that of the rabbits that had received antigens only; and in
fact the two groups of animals did not show significant differences in
serum antibody titers. The staining with fluorescent anti-rabbit UG antiaserum
showed that the considerable enlarged germinal oenters of these animales vere
not as uniformly positive as those of the ones treated with antigens only,
instead there were large areas in which the ocells of the ocenters did not
appear to oontain gamma globulins.

1n oconolusion the administratiod of endotoxin togeiher with the
first shot of a course of immunization with protein antigens does not seem
to affect appreciably the number of antidbody-formiag oells (and of the serum
antidody titers) found at the end of the immunization course; even at this
point, however, soms effect of the injection of endotoxin is visible in the
spleen as evidenoced by the inorease in size of the geraimal ooatcri; sany
of these owlls, however, did not coatain specific antidody or even gaama |
glodbulins. | ' |
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I - ANALYSIS OF THE WORK DONE IN THE PERIOD MARCH 1st, 1963~-FEBRUARY 29th, 1964

The work has been centered on the mechanism of the action of one
particular type of adjuvant, namely the endotoxins of gram-negative bacteria.
These adjuvants were known to differ from other ones in the requirements for
a precise timing of administration of adjuvant and antigen (Johnson et al.:
J. exp. Med., 103, 225, 1956), in their apparent ability to stimulate the
production of antibodies only against protein antigens (see again Johnson
et al.,, 1956), and also in some partioular aspects of the histological chanyges
seen in the lymphoid tissues after their administratioan together with an anti-
gon (Ward et al., J. exp. hed., 109, 463, 1959; Kind and Johnson, J. Immunol.,
82, ‘i5, 1959). For these reasons it appeared logical to concentrate on endo-
toxins\our first efforss in the research on the mechanism of action of ad-
Juvaats. | »

Following this purpose we have performed experimente on rabbits and

on niqq.

1) W. These experiments were aimed to study both the

aotion of adjuvant amounts of endotoxins on the earliest stages of the anti-
" body response and the possidble long-term effect of an initial administration
o ot’qndoto:in followed by a proloangod course of immunisation with the antigen
| _ _iluqn. The ’doﬁih of the experiments having been given in the quarterly
- Deports, oanly the sain findings and the more important comments will be sum-
a) _i__ft_oot of endotoxin on the early stages (8 days aftor antigen administra-
| t_:l,oa) of tho antibody response of rabbits to protein antigens and to
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conjugated haptens: the ssrological studies have shown an increase of
the antibouies formed to protein antigons; whon the animals were sti-
mulated with cqnjugated kaptens tho increassd amount of antibody formed
under the effect of endotoxins appeared to bu primarily directed against
the carrier protewin rather than against the haptenic determinant. In
confirmation of varlier work of Bauer and Stavitsky (Proc. Natl. Acad.
Sci., 47, 1667, 1961) an increased production of 19S antibodies appearcd
to be thu main ¢ffuct of undotoxins in this experiment. This was in
accord with the findings of immunofluoruscunce that showed an increase
of cells containing 195 gamma globulins in the periarturioclar sheats
and, vven morv so, in the germinal centers of lyuplroid folliclus in the
spluvns of raoovits 8 days after the intravenous administration of antigon
and vndotoxin. Paralledl histological examinations showaed an increase of
pyroninophilic plasmoblasts and (to a lesser extunt) of plasma cells in
the periarteriolar sheats and medullary cords, and a dramatic increase
in 8ize of the¢ germinal centers of thy lymphoid follicles. The latter
wore inoruvused due to intansive mitotic activity of the "blasts" in the
centars, while the halo of lymphocytus was much reduced.

From this experiment it appvars that thv offeot of endotoxins on
the earliust stages of antibody formation in raboits is that of stimulat-
ing the prolifuration of pyroninophilic "blust" cells; in addition the
conasideradblo rcduction in number of lymphocytes indicates oithur a
dustruction of these uluments or (more likely) their transformation
into "blasts" (for thv possibility of this transformation, ses Gowans
ot al., Nuture, 196, 651, 1962). These cytological changes are likely
to be thy basis br thy adjuvant e¢ffeot of ondotoxins, observed soon after
their administration vith the aatigua. |

Instead no significant effect of ondbto:iu- on serum antidbouy
titers was found in tne second oxperimeat in whioh:

b) Jadotoxins were administered to rubbits with the firet dose of aptigen

: W
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In this experiment in fact, the immunoflucrescence observations performed
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on the splevn at the end of the expsriment did not show more antibody-
~forming cells in the rabbits which had received ondotoxin as compared
with those that received antigen alone. It is likely that the prolonged
stimulation with the antigens induced anyhow a maximal antibody response
that would tend to minimize the initial advantage of ths animals that

had rvceived endotoxin together with the first dose of antigen.

2) Experiments in Mice. In the experiments performed on mice the cellular
basis of the adjuvant effect of endotoxins was even better demonstrated by
actual counting of the number of antibody-forming cells per mouse¢ spleen,
the counting being performed with the agar-plating technique of Jerne and
Nordin (Science, 140, 405, 1963).

a) When a good dose of antigen (SRC °) was administered together with endo-
toxins, it was noticed that the number of antibody-forming cells per
mouse spleen was much higher than in the oontrols (treated with antigen
alone) 2 days after immunization; later on the differences became much
less evident and at the peak of the response (day 4) the controls had
almost "catched up". The mouse/SRC system is obviously very differeat
from the rabbit/BSA (°) or rabbit/HOG (°) system inasmuch as the process
of immunisation is obviously runaing at a much faster rate and, in add-
ition, a bdasal (natural) production of some anti-SRC antibodies was
present in our micej hovever here again it is apparent that the adjuvant

"effect of endotoxins exerts itself maialy in the earliest stages of
antibody formation. |

 b) The faot that & small nuaber of oells producing anti-SRC antibodies
exists in the hornnl souse spleen suggested the opportunity of investigat-
ing the g‘:gg;_g{_ggﬁg;g;‘n_g}gng A oconsideradle inorease of ocells pro-
.dna1n¢ "astural® antidbodies were seen in the lploonl of mice after treat-
-.pt wvith a variety of‘ditfcront sndotoxins; this effect was oconsidered
to b "nou.npocitic", i.0. not dus to the presunoe in the endotoxins

) 8:0 - -hoop red oells - BSA = 1 avine serum albumin - BOG » humsan
saams globulins '
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used of antigenic determinants common with SRC, not only because the
same effect was seen with zll the different (=nd untigenically not
related) sndotoxins tested, but also because the small amounts

of anti-SRC antibodiuvs that appearvd in the serum of mize after treuat-
ment with endotoxins only, could not be absorhbud even by high amounts
of the endotoxin that had been used to elicit tham.

The histological changes seen in the spleens of these mive werec
similar to those already described in raboits, and consisted mainly in thé
almost corplete disappearance of lymphocytes at the periphery of lymphoid
folliclos and (in a somewhat lees drastic degres) in the periarteriolar
sheats, contrasted by a marked increuse of the number of pyroninophilic
"blast" cells. The increase of the number of "blasts" was responsible for
the considerable enlargement of the germinal centers of the follicles, which,
by virtue of the disappearance of the halo of lymphocytes normally present
around them, cameé in direct contact with the red pulp.

It is likely that a lymphooyte-"blast" transformation accounted in
part for the observed changes; mitotic division of the "blasts" dil, however,
certainly contribute greatly to the inocrease in number of these celles and
movement of the lymphocytee to other sites of the body could oconceivably
also account for the disappearance froz the spleen. No histologioal evidence
for destruction of lymphooytes was, instead, seen. |

The oonsiderable increase in sumbdber of cells producing anti-SRC
antibodies in the spleens of mioce treitod with eandctoxine only, deserves
a comment in itself. We bolieve that it might have been due bdoth to multi-
plication, under the "non speoifio” effoot of endotoxins, of the few oOelle
normally engaged in the production of these antibodies, and also to the
trensforsation into ocells producing soludle antibodies (presumcdly plasmo-
blasts) of some lymphooytes preseasitized towards the production of antidodie
of this specifioity. This "prvsensitiszation” might be seen uuder different
points of view, aamely it could conféra to some “clonnl"difforbutiatton.of_
the ismsunologioally competent cells, or it might reflect previous oontact
of the lymphocytes vith "natural" antigenio deturminants uot dissimiler fros
those of the SRC.
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If the mice are normally in contact with very small amounts of
natural" antigens having some determinants in common with those of SRC,
ae might also consider the increase in the number of ocells producing anti-
2C antibodies after the administration of endotoxin alone as & speocial

389 of the adjuvant activity of endotoxins, and this is the explanation

‘nat we tend to favour.

In conclusion, our work supports the possibility that tha adjuvant

-3tion of endoraxine on antibody formation is the conmsequence of a rapid

id presumably direct effect o.: the immunologically competent cells that

»sults in an increase in number of young "Llasts" that either secrete

itibodies themsslvos (mainly of the 19S5 type) or will later mature into

. 1tibody secreting plasma cells. This effect is due to a stimulation of the

3 toffbkaotivity of the "blasts", a faot that is partiocularly evident at the

" val of the germinal oevnters; in addition to this, the possibility that

dotoxine also stimulate the transformation of lymphocytes into "blasts"

ems aleo worth of consideration and further investigation. It ie apparent

* &%t the adiuvant effeot of endotoxins exerts itself in the early stagss of

* o antibody response and that later on, provided that sufficivunt antigen

available or that it is repeatudly administered, the affects of the

itial lose of endotoxins buoome less conspicuous.,

- JMELICATION FOR FUTURE WORK

The work so fai performed on the adjuvant effeoct of endotoxines opens

.t b S —— i 0

- woresting possivilities for the investigation of the "non specifioc" aspects
> the stimulation of the immunologiocally competent celle. These "non specifid"

4. gcts, long aeglecwed in comparieon with the specific ones induced by anti-

LS
22

be

- 40 determinants, have recuntly been embodied by Talmage and Pearlman

Theoretical Biol., 5, 32!, 1963) in an interesting theory of antibody

metion whereby the net effect of an antigenio stimulation (toleranoe,

~ une parslysic or ativody formation) depend from the balance between the

oifio and the non specifio stimulation of the lymphoid cells.
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In future work the oellular reaoctions to the administration of
other types of adjuvants (such as Freund's or wax D) with or without anti-
gens, should be confronted with those already established for endotoxins
to investigate whether basioc eimilarities or differences exist between the
mode of action of these different cathugories of adjuvaats. The complete
body of knceledge should eventually luad to a olassification of adjuvants
on the basis of their mode of action, a preroquisite to an efficient

utilization of adjuvante in the immunization of humans.

Prof. Augusto Giovanardi Yrof. Benvenuto Pernis

o SR A

Note: Thc manuscripts and/or roprints of the papers concerning the above

mentioned research work will be sent as soon as available.
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- Conbraot DA~§1-591-EUC~2841
ANNEX

1) 0, sonnel utjilized during the peporting period:

;n addition to the prinocipal investigators (prof. B. Pernis and
Prof. A. Giovanardi) the following academioal personnel (scieatifio
8%8ff) hae been utilized:

1) G. Chiappino, M.D.

2) B. Orosso, k.D.

.3) E. Magliano, N.D.

4) G. Gallingani, M.D. and

5) M. Luisa Profeta, M.D.

The technical personnel (technical staff) had included:
1) Miss A. Grippa (full time) -
2) Hiss L. Forni (part time)
3) Miss L. Ciffo (part time)
4) Mr. I. Gonzaga (part time)
5) kr. G. Bertani - photographer - (occasional aid)

2) No. of manhours expended by the scientific staff
(not inocluding the principal investigators) - approx. 3,500

 ¥o. of manhours expended by the technical staff - approx. 3,600

Bxpenses for consumable supplies = § 1,550

Property aoquireds one fluorescent lamp for Leitz fluorescenoe miorosocope

(exohanged with previous old lamp).
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