
Regulation of the immune response to polyvinylpyrrolidone
by Jeffrey Peter Lake

A thesis submitted in partial fulfillment of the requirements for the degree of DOCTOR OF
PHILOSOPHY in Microbiology
Montana State University
© Copyright by Jeffrey Peter Lake (1977)

Abstract:
mice were not consistently successful. These results were difficult to interpret making it unfeasible to
determine the mechanism of low-dose paralysis.

The results presented here, however, concerning the regulation of immune responses to PVP are
consistent with the hypothesis that two functionally distinct types of T cells, suppressor and amplifier
cells, act in an opposing manner to regulate the magnitude of the antibody response to PVP by bone
marrow derived B cells- 
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ABSTRACT

The immune response to polyvinylpyrrolidone (PVP), a synthetic 
polymer, was studied in mice using a localized hemolysis in gel assay. 
Optimal conditions to detect PVP-specific piague-forming cells (PFC)
■ were determined and some characteristics of the antibody response to 
this antigen were defined. Tb investigate the role of thymus-derived 
cells (T cells) in the regulation of antibody responses to PVP, the PFC 
responses of normal and congenitally thymus deficient , (nude) mice were 
compared: Normal and nude mice responded similarly to an optimally im
munogenic dose of PVP. Antithymocyte (ATS) or.antilymphocyte (ALS) 
serum treatment of immunized mice caused a 5 to 10-fold increase in the 
PVP-specific PFC response in normal mice; the response in nude mice was 
not increased by such treatment. The data suggested that, although T 
cells are not an absolute requirement in the immune response to this 
antigen, these cells can regulate the magnitude of the immune response 
to PVP. Furthermore, depletion of short-lived T cells by adult thymec
tomy .caused enhanced PFC responses to PVP; ATS treatment of adult thy- 
mectomized mice resulted in further enhancement. Nude mice implanted 
with neonatal BALB/c thymus glands (nude-TG) had markedly elevated PFC 
responses to PVP but not to type III pneumococcal polysaccharide (SSS- 
III). Nude-TG treated with thymosin had normal numbers of PFC to PVP. 
These results can be explained by proposing a differential repair of 
thymus function in nude-TG mice. The activities of helper T cells and 
T cells amplifying the response to PVP appear to be nearly normal while 
the activity of cells which would normally exert a negative influence 
on the magnitude of the PVP response is less than normal.

Prior injection of. mice with PVP resulted in the induction of an 
immunologically unresponsive state detected by measuring the magnitude 
of the PVP-specific PFC response following the injection of a second, 
optimally immunogenic dose of PVP. Varying degrees of paralysis were 
observed in mice primed with PVP doses of 2.5 X 10 ^ to 2.5 yg. Paral
ysis could be detected I to 2 days following priming and persisted for 
at least 20 days. However, 30 days after priming the magnitude of the 
PVPr-specific PFC response was similar to the PFC response of a normal 
primary response and 60 days after priming the PFC response was 2.2- 
fold higher than the primary response. Low-dose paralysis was antigen 
specific because PVP-priming did not alter the magnitude of the PFC 
response to burro erythrocytes or to SSS-III. The role of suppressor 
T cells in the induction of low-dose paralysis was investigated. A 
greater degree of low-dose paralysis was inducible in adult thymecto- 
mized and nude-TG.mice whereas nude mice could be only partially par
alyzed. Attempts to transfer paralysis with cells from PVP-primed



mice were not consistently successful. These results were difficult 
to interpret making it unfeasible to determine the mechanism of low- 
dose paralysis.

The results presented here, however, concerning the regulation 
of immune responses to PVP are consistent with the hypothesis that two 
functionally distinct types of T cells, suppressor and amplifier cells 
act in an opposing manner to regulate the magnitude of the antibody 
response to PVP by bone marrow derived B cells-

xiii



INTRODUCTION

The development of humoral and cell-mediated immunity involves a 

complex series of cellular and subcellular events (1-3). Cells in

volved in these events arise from pluripotent hematopoitic stem cells 

and mature into immunocompetent antigen reactive cells- in the thymus 

or in the mammalian equivalent (bone marrow) of the avian bursa of 

Fabricus (2). Precursoral lymphocytes develop into clones of immuno

competent cells each of which is committed to respond to a specific 

antigenic determinant or epitope (4)* - ■y '
Lymphocytes which mature in the thymus (T cells) are responsible 

for the. various cell-mediated immune reactions (2,3). These reactions 

include the generation of cytotoxic T cells which mediate tumor rejec

tion, allograft rejection, and graft-versus-host reaction and the pro-' 

duction of certain lymphokines- such as macrophage migration inhibitory 

factor (MIF), chemotactic factors,. Iymphotoxins, skin reactive factors, 

and interferon (3,5). These factors contribute to the inflammatory 

processes and delayed-type hypersensitivity reactions.. T cells may - 

also be important in the. resistance and immunity to certain, infectious 

organisms especially intracellular parasites (3,6).

The production of humoral antibody responses to the majority of 

complex, multideterminant antigens such as heterologous erythrocytes 

and proteins is dependent on the interactions between at least three 

functionally distinct cell types, thymus-derived T cells, bone marrOw
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derived lymphocytes (B cells), and accessory cells usually thought.of 

as adherent cells or macrophages (1,7). The nature of the cell cooper

ation between these cell types is not presently known, although several 

useful models have been proposed (7). Ultimately, following .the intro

duction of antigen and the subsequent cellular interactions, specific 

antigen reactive B cells become activated to differentiate and prolif

erate into antibody producing cells.

Two classes of antigen have been described according to their 

dependence on T cell-B cell collaboration for the elicitation of 

humoral immune responses. As described above, complex multideterminant 

antigens such as heterologous erythrocytes and proteins require the 

assistance of T cells to induce antibody producution (1,7)* The T 

cells mediating this function have been labelled helper T cells since 

they themselves do not produce antibody but rather help B cells to 

become activated toward a pathway leading to antibody production.

Other antigens, however, appear not to require T cells for the induc

tion of immune responses (8), and, accordingly, have been termed 

thymus-independent (T-independent) antigens. Such antigens are gener

ally large polymers composed of many identical repeating subunits that 

are poorly metabolized in vivo. Some antigens which have been shown 

to elicit immune responses in the absence of functional T cells in

clude: pneumococcal polysaccharide (9,10), lipopolysaccharide (10,11),
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flag el Iin (12), Vi antigen (13,14), levan (.15), and polyvinylpyr

rolidone (11,16,17).

Immune responses have generally been thought of as beneficial, 

allowing the host to. defend against the invasion of infectious agents 

and perhaps neoplastic cells. However, in some instances immune re

sponses are now recognized to be detrimental to the host. Immune re

sponses have been shown to contribute to the development of a variety 

of autoimmune diseases, the rejection of beneficial tissue transplants, 

enhanced tumor growth, anaphylactic reaction, contact hypersensitivi

ties, cell-mediated hypersensitivities, and immune complex diseases 

(18-20).. In view of the beneficial and detrimental aspects of immune
Iresponses, it would be extremely useful to be able to manipulate 

these responses to facilitate protective functions and to discourage 

harmful effects. To accomplish this, goal, it is essential to under

stand regulatory mechanisms which tend either to initiate immune re

sponses or to■limit or terminate these responses.

A great deal of information has been accumulated on the mecha

nisms that promote antibody production and information is available on 

the role of antibody or antigen-antibody complexes in feedback inhi

bition of specific antibody production (21). Recently, Baker (22) and 

Gershon and Kondo (23) provided evidence that T cells may in some cir

cumstances actively suppress immune responses. Since that time, T 

cells which negatively regulate immune responses (suppressor T cells),
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have been implicated in the development of many diverse phenomena. 

Suppressor T cells have been shown to contribute to the development 

and maintenance of some forms of immunological tolerance (24-29). 

Tolerance mediated by suppressor T cells has been termed- infectious 

tolerance (24), since, the injection of spleen cells from a tolerant 

animal can suppress the response to the appropriate antigen in an 

otherwise normal recipient. Antigenic competition (24,27) is thought 

to be due to active, suppressive mechanisms mediated by suppressor T 

cells. The injection of anti-allotype or anti-idiotype serum into 

mice can result in the inability of these mide to produce antibody of 

the corresponding allotype or idiotype. Allotype suppression (30) and 

idiotype suppression (31) were shown to be due to the activity of sup

pressor T cells. Loss of suppressor.T cell function may contribute.to 

the development of some autoimmune diseases (32,33), while evidence 

has been presented suggesting that the presence of suppressor T cells 

contributes to some forms of common variable hypogammaglobulinemia 

(34).

Suppressor T cells may depress humoral antibody responses (24, 

25,27) or cell-mediated immune responses (24-27) by either suppressing, 

the activity of other T cells or B cells. Furthermore, the effects of 

suppressor T cells may be antigen specific or nonspecific. Suppressor 

T cells may be activated by antigen or by T cell mitogens such as
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coneanavalin A or the effects of suppressor T cells may be observed 

following treatments which deplete whole T cell populations.

It is difficult if not impossible to integrate the information 

presently available concerning suppressor T cells into any coherent 

model of immunoremulation. Possibly multiple interrelated mechanisms 

are present, and a simple unified concept may not emerge. In light of 

these difficulties,. the following discussion will be limited to two 

systems which are pertinent to the study to be presented.

As previously discussed, some antigens (T-independent) do hot 

require the participation of thymus-derived cells to induce immune re

sponses. Baker et al. (35), however, noticed that mice immunized with 

type III pneumococcal polysaccharide (SSS-III) and treated with anti

lymphocyte serum (ALS), an agent which selectively depletes T cells, 

resulted in markedly enhanced antibody responses to this antigen. The 

ALS-induced enhancement of the SSS-III response was abrogated by the 

infusion of syngeneic thymocytes or further enhanced by the infusion 

of peripheral blood lymphocytes (22). Based on extensive studies (28) 

Baker has proposed that two functionally distinct types of thymus-' 

derived cells, suppressor and amplifier cells, act in an opposing man

ner to regulate the magnitude of the antibody response to SSS-III by 

B cells.

While assessing the effect of ALS treatment on the humoral anti

body response to a panel of differing antigens, Kerbel and Eidinger
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(16) showed that ALS treatment of mice'immunized with polyvinylpyrroli- 

. done (PVP) resulted in enhanced antibody responses to PVP, a T- 

. independent antigen (11,16,17). Depletion of T cells by adult thymec

tomy also caused increased serum antibody responses (16,36) and in

creased numbers of PVP-specific antibody producing cells (37). Thymus 

implantation or injection .of thymus cells partially reversed this 

effect of adult thymectomy (37). In other studies mice undergoing a 

mild graft-versus-host reaction had reduced numbers of T cells in their 

spleens and depressed immune responses to sheep erythrocytes but in

creased responses to PVP (38). Rotter and Trainin (37) also showed 

that the magnitude of the PVP-specific antibody response is inversely 

proportional to the age of the mice studied, i.e., as mice age thymus 

function declines and the immune response to PVP increases. Collec

tively, these results suggested that a T cell population exerts a 

negative regulatory function on the immune response to PVP.

PVP is a useful antigen to use in studies concerning the regula

tion of immune responses for several reasons: (a) PVP is highly im

munogenic in mice and. the immune response can be quantified using an 

antigeii binding test (11), a passive hemagglutination assay (11), and 

more recently> an assay to detect individual cells secreting PVP- 

specific antibody (37). (b) PVP induces vigorous immune responses in

the absence of functional thymus-derived cells but these cells when 

present appear to regulate the magnitude of the antibody response. ■
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Because PVP does not require the collaboration of helper T cells to 

induce immune responses, it is relatively easy to demonstrate the 

effects of other T cell subpopulatioris on the immune response to this 

antigen. (c) PVP, a synthetic polymer with many medical and indus

trial uses (39), is readily available in a variety of molecular weight 

ranges. Furthermore, PVP is not toxic over a large range of doses 

(39).

The use of congenitally thymus-deficient nude mice and ALS 

treatment in conjunction with PVP seemed to offer a useful model sys

tem to study regulation of helper T cell independent immune responses. 

The studies to be presented were designed to develop a sensitive and 

reproducible method to detect single cells producing PVP-specific 

antibody, characterize the immune response to PVP in nude and normal 

mice, and investigate the ability Of thymus-derived cells to. regulate 

the immune response to this antigen. Hopefully, the results to be 

presented here will provide information which can be added to an as 

yet incomplete picture of immunoregulatory mechanisms.



MATERIALS AND METHODS

Animals

BALB/c mice of both sexes raised in our laboratory or purchased 

from Texas Inbred Mice Company (Houston, Texas), or. Charles River 

Breeding Laboratory (Wilmington, Massachusetts) were used for most ex

periments. Congenitally, thymus-deficient (nu/nu) mice, hereafter 

designated nude, were produced from heterozygous stock taken, from a 

line being made congenic with BALB/c mice by cross-intercross mating. 

The nude mice used in these studies were derived from heterozygous 

parents of the Ilt*1 and I2^  cross-intercross generation except for 

some nudes listed in Table 6 which were either generation 2-4 on the 

BALB/c background or generation 1-2 on the CFW background.

All mice were 6-12 weeks old at the start of experiments and 

groups of mice were age and sex matched within a particular experiment. 

In the case of long-term experiments, the control groups were always 

carefully age matched.

Antigens and Immunizations

The polyvinylpyrrolidone (PVP) used for immunization (donated 

by GAF Corporation, New York, N.Y.) had an average molecular weight of

360,000 (designated PVP K90 by the manufacturer). PVP K90 was dis

solved in PBS at a concentration of 100yg/ml and 0.25 ml was injected 

intravenously via the lateral tail vein resulting in a dose of 0.25 

yg/mouse. ■ In some experiments mice were given a prior, weakly ...
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Type III pneumococcal polysaccharide was kindly donated by".

Dr. Phillip J. Baker, Laboratory•of Microbial Immunity, National Insti

tutes of Allergy and Infectious Diseases, NIH, Bethesda, Maryland,.

The immunologic properties of the SSS-III used and the method by which 

it was prepared have been described (40-43). Mice were primed, with

0.01 pg of SSS-III i.v. and subsequently challenged with a mixture of
.

1.0 yg of SSS-III and 0.25 Lg of PVP in saline.

Burro erythrocytes (BE) were obtained from Colorado Serum. Com

pany, Denver. Mice were given a single i.v. injection of 0.2 ml of a 

10% suspension of washed BE in PBS.

The Vi antigen (kindly donated by Dr. F. G. Jarvis, Idaho State 1
University) used in these studies was purified form Citrobacter 

freundii by an electrophoretic procedure. Mice Were injected i.v. with 

I Lg Vi in 0.2 ml of saline; the number of Vi-specific PFC was deter

mined 4 days following immunization.

Lipopolysaccharide (LPS) was extracted from E_; coli and was 

supplied by Dr. J. A. Rudbach,University of Montana, Missoula, Mon

tana; Mice were given I ]ig LPS in saline i.v. and the magnitude Of 

the LPS-spe'cific PFC response was determined 5 days following immuni^ .. 

zation.'

immunogenic priming dose of PVP (0.025 pg) followed 3 days later by an

optimally immunogenic challenge dose of PVP (0.25 yg).
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N-vinyl-2-pyrrolidone and 2-Pyrrolidone

N-vinyl-2-pyrrolidone (NVP) and 2-pyrrolidone (2-PY).were pur-
L: . ■ . ■chased from K & K Laboratories, Plainview, New York. NVP and 2-PY 

were used in plaque inhibition experiments in which varying amounts 

■of one or the other were incorporated in the agar layer together with 

PVP immune spleen cells and PVP-coated SE.

Concanavalin A, Hydrocortisone Acetate, and Thymosin

Concanavalin A (Con A) was purchased from Miles Laboratories, 

Elkhart, Indiana, or in the case of the experiment presented in Table 

21, Con A was kindly donated by Dr. Phillip J. Baker Laboratory of 

Microbial Immunity, NIAID, NIH, Bethesda, MD. .

■ Hydrocortisone acetate (HC) suspension was purchased from Wollins 

Pharmacal Corp., Farmingdale, NY. HC was" given as a single i.p. int 

jAction consisting of 2.5 mg/mouse. .

Thymosin fraction 5 was produced by Hoffman-LaRoche, Inc.,

Nutley, NJ for Dr. A. L. Goldstein, University of Texas and kindly 

donated by Dr. J; T. Ulrich, Department of Human Biological Chemistry 

and Genetics, Division of Biochemistry, The University of Texas Med

ical Branch, Galveston, TX.- Approximately 73 mg of salt-free lyophi- 

lized thymosin, reported to be endotoxin free, was reconstituted with 

5 ml of sterile normal saline. The restored thymosin was then divided 

into 9 equal aliquots a%id frozen at -60 C. Immediately prior to use.
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an aliquot was thawed and 3.7 ml of cold PBS added. Mice were in

jected i.p. with 0.25 ml of the diluted thymosin to give about 500 yg 

of thymosin per mouse. Injections were given on Monday, Wednesday, 

and Friday for 3 weeks prior to immunization., '
■

Antithymocyte and Antilymphdcyte Serum
• 'rRabbit antimouse thymocyte serum (ATS) and rabbit antimouse

lymphocyte serum (ALS) were purchased from Microbiological Associates,
8Bethesda, MD, or ATS was prepared by injecting 5 x 10 BALB/c thymo

cytes i.v. into each of 3 rabbits at weekly intervals for 3 weeks.

Seven days following the last inj ection.the rabbits were bled and 

their serum harvested, pooled, and frozen in 3 ml portions at -20 C. 

ATS, ALS, or normal rabbit serum (NRS) was given as a single i.v. in

jection at the time of immunization of mice; the amount and lots of 

ATS., ALS, or NRS used are given at appropriate places in the text. .

Plaque Assays

PFC specific for PVP, SSS-ITI, or BE were detected by a slide 

modification (44) of the localized hemolysis in gel technique. BE,

•or sheep erythrocytes coated with PVP (17,37) or SSS-III (45) were 

used as indicator cells. Routinely, the magnitude of the PFC response 

to each antigen was determined 5 days following challenge immunization.

The procedure for,coating SE with PVP for use in plaque assays 

was adapted from a technique reported by. Rotter and.Trainin (37). ■ SE
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are washed .3 times in PBS to, yield 2 ml of packed cells and resuspended 

to a 5% suspension by adding 38 ml of PBS to the packed cells. Forty 

ml of 0.1 mg/ml tannic acid (TA) in PBS is added to the 40 ml of 5% SE 

and incubated at room temperature for 15 min. TA is prepared by dis

solving 100 mg TA in I liter of PBS and allowing the solution to remain 

at room temperature for 10 hr. The aged TA is divided into 40 ml por

tions and stored at -20 C until just prior to use.

The tannic acid treated SE (T-SE) are separated into 2 equal 

portions in 50 ml plastic centrifuge cups and washed 3 times by cen

trifugation in PBS at room temperature. One portion, consisting of

1.0 ml of packed T-SE is resuspended to a 5% suspension in PBS and the 

other 1.0 ml of packed T-SE is resuspended to a 1:11 suspension in 

PBS for use as.the SE control in the plaque assay. Twenty ml of 0.1 

mg/ml PVP (K&K Laboratories, pharmaceutical grade) is added to the.20 

ml of 5% T-SE. The suspension is mixed and incubated at room temper

ature for 15 min. Finally, the PVP-coa.ted SE (PVP-SE) are washed 3 

times in PBS and resuspended to a 1:11 suspension in PBS for use as 

the indicator cells to detect PVP-specific PFC.

PVP Passive Hemagglutination Assay

A microtiter assay was used to determine the titer of PVP- 

specific serum antibody. SE are coated with PVP as described above 

but resuspended in PBS containing 0.4% gelatin to a 0.25% suspension.
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Two fold serial dilutions of. serum are made in 0.025 ml.of PBS con

taining 0.4% gelatin. The gelatin stabilizes the PVP-coated SE (46) 

allowing the cells to settle into recognizable patterns.

Irradiation of Mice

Mice were Irradiated using a 60CO source in a slowly revolving 

plastic holder which immobilized mice in individual compartments.

The skin source distance was always 60 cm; the.dose rate and final . 

dosage given are listed .in appropriate places in the text.

Cell Transfers

Single cell suspensions were prepared from the spleen, thymus, 

or bone marrow of PVP-primed or normal mice. The cells were washed 

once in balanced salt solution, resuspended to the appropriate concen

tration, and injected i.v. in a total volume of 0.5 ml. Recipients' 

were normal.or nude mice or normal mice which had been lethally irradi

ated about 1.6 hours previously. In some cases, mice were given a 

separate i.v. injection, of PVP or BE at the same time as cell transfer.

Adult. Thymectomy

Mice were thymectpmized at 5-6 weeks of age according to a ' '

method described by Morse et al. (47). A 1-2 cm ventral midline in

cision was made through the skin. The submaxillary gland was teased 

■up and a I cm incision was made through the sternum with scissors.
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The ribs were spread using small self retaining retractors (George 

Tiemann and Co., NY) and the thymus was removed by suction through a 

pasteur pipette with an enlarged opening. The wound was closed using 

2 or 3 auto clips in the skin. Sham thymectomized mice received ex

actly the same.treatment without removal of the thymus. Each animal 

was examined macroscopically for the presence of thymic remnants when 

sacrificed for PFC assay.

Thymus Gland Grafting

Neonatal BALB/c thymus glands were implanted under the renal 

capsule of nude.or normal mice by previously described techniques 

(48-50). In most cases one thymus gland was placed under each kidney 

capsule of recipients. Mice were used in experiments 8 weeks follow

ing grafting and each mouse was checked for the presence of a thymus 

gland under the capsule at the time of plaque assay. <

Presentation of Data and Statistical Methods

In most eases results are presented as the arithmetic mean P F C /

spleen ± standard deviation (SB) derived from mice within a treatment

group. However, in some Experiments the results are presented as

Log^g PFC/spleen ± SD in an effort to normalize the variance since ;.'

with PFC valuies the staridhfd deviation is proportional and varies

directly as the mean (51). The geometric mean is given in parenthesis

below the Log.- value for each.group to facilitate observation qf ..the 
,. .10 -
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data. Student's t test was used to assess the significance of the 

differences noted in the magnitudes of the PFG responses in those ex

periments in which the responses of different groups of mice were com

pared. Differences between mean values for groups of mice were con

sidered to be significant when probability (p) values less than 0.05 

were obtained.



RESULTS

Treatment of SE with PVP and TA for Use in the PFC Assay

Initial experiments were performed to determine the optimal con

ditions to coat SE with PVP to detect PVP-specific PEG. Figure- I . 

shows a diagrammatic representation, of the structure of PVP and Table 

I lists the designations and molecular weights of those preparations' 

available.for use. Preliminary experiments and a previous report (37) 

indicated that mice produce appreciable numbers of PFC 5 days follow-■ 

ing immunization with 0.25 yg of PVP K 90 and that PVP K 30 would suc

cessfully coat SE for use in the plaque.assay. To determine the opti

mal concentration of K 30, SE were treated with TA and then divided 

into 8 aliquots. An equal volume of an appropriate concentration of 

K 30 was mixed with each portion of SE. The cells were incubated, 

washed, and plated with PVP-immune spleen cells. The results (Table 2) 

show that the greatest number of plaques were observed using SE coated 

with 0.1 mg/ml of PVP K 30. The quality of the plaques was also op

timal using this concentration.

Successful coating of SE with PVP depends on prior treatment of 

SE with a dilute solution of TA. Fresh solutions, of TA are colorless 

gradually turning an increasingly green color upon aging. It was pos

sible, therefore,that the age of the TA used to treat SE could affect 

the quality or .the numbers of PVP-specific PFC detected. To test this 

possibility, washed SE were divided into 8 equal portions and treated
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Figure I. Diagrammatic Representation of Polyvinylpyrrolidone.
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Table I. Designation and Average Molecular Weights of PVP Preparations 
Presently Available

PVP Designation
Average

Molecular Weight
2-Pyrrolidone 

Monomer Units/Molecule ■

PVP K 90 360,000 . 3,240

PVP K 60' . ' ’ 160,000 1,440

PVP K 30 40,000 360

PVP K 15 10,000 90 .
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Table 2. The Effect of Varying the Concentration of PVP Used to Coat 
SE on the PVP-Specific Plaques Observed3

PVP Concentration 
mg/ml

PVP-Specific PFC
Direct Facilitated^

. Spleen IO6 Spleen IO6

0 200 I 250 I
0.002 • 12,750 ‘58. 16,000 73
0.01 ■ 33,750 ’ 153 35,500 161
0.02 36,250 . 165 35,000 159
0.1 ' 38,500 175 39,500 180
0.2 22,750 103 25,750 117
1.0 25,750 117 26,000 118
2.0 23,500 “ 107 26,000 118

OdCN 23,000 105 23,000 105

aThree BALB/c mice, 4 months old, were injected with 0.25 Hg of PVP 
and 5 days later their spleen cells were pooled and the number of 
direct.and facilitated PVP-specific PFC was determined using SE 
coated with varying concentrations Of PVP K3.0.

^The number of facilitated PFC/spleen was determined by treating dupli
cate. slides with a solution.of complement and rabbit antimouse 
y-globulin serum. '
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with TA preparations of varying ages. Upon incubation the cells were 

washed and the separate portions incubated with 0.1 mg/ml PVP. K 30.

The cells were again incubated, washed, and plated with PVP-immune:; 

spleen cells. The: results presented in Table 3 clearly show that the 

age of the TA used to treat SE does .affect both the quantity'and the
' ' -  ̂ ' r - ' "  ' - : V  ' ' ' '

quality of the PyP-specific plaques detected. Twelve hours was chosen, 

as the optimal -time to age TA. • SE treated with TA aged for 12 hours 

showed numbers of plaques close to the maximum detected, but more/im- 

portantly, . the plaques' were sharp .and' easy to distinguish. .

Specificity of PVP-Induced Plaques "

To determine if PFQ observed following PVP immunization were •. 

producing antibody that.would specifically bind.PVP, plaque inhibition 

studies were performed. .. Accordingly,',groups of. mice were given ah op

timally immunbgenic dose of either PVP, Vi antigen (Vi), or lipopoly- 

Saccharide (LPS). Five days later the mice were killed and PVP immune 

spleen cells were plated with PVP-coated 'SE in the presence of varying 

amounts of free PVP, Vi immune spleen cells were plated with'Vi-coated 

SE in the presence of varying amounts of free PVP, and LPS immune 

spleen cells were plated with LPS-cOated SE in the presence of varying 

amounts of free PVP. The results (Figure 2) show that PVP plaques are 

markedly inhibited by the addition of free PVP to the overlay whereas 

the number of Vi and LPS plaques was not affected by the addition of
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Table 3. The Effect of Varying- the Age of the Tannic Acid Solution 
Used to Treat SE on PVP-Specific Plaques Observed

Age of Tannic Acid 
(Hours) ■ - a .PVP-Specific PFC/Spleeh

bPlaque Quality 
(Scale 1-5)

.0 - ■' 31,500 ■ ' " 2

4 35,438 .- 3

8 34,750 3 ;

12 32,688 4

20 - 32,^88 .

30 13,500 I

50 313

PBS 125 —

aThree BALB/c mice, 4 months old, were injected with 0.25 yg of PVP 
and 5. days later their spleen cells were pooled and the number of 
direct PVP-specific' PFC determined using SE treated with tannic acid 
which had been aged for varying time periods.. Following tannic acid 
treatment all SE portions were treated with . PVP K30 in a.n identical 
manner.

b ' ,uThe quality of plaques observed was judged on an arbitrary scale of 
1-5; the poorest plaques.were assigned scores of one and the better 
plaques assigned increasingly higher values.



22

IO IO3 IOt  10 
Free PVP Added (>jg)

Figure 2. Specificity of PFC Detected Using PVP-Coated SE. Pooled
spleen cells from groups of mice immunized with PVP (#— *) , 
Vi (©— — ©), or LPS ( #  -# ) were plagued with the
appropriate antigen-coated SE in the presence of varying 
concentrations of PVP K90.
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PVP. The inhibition of only PVP-specific plaques indicates that PVP 

did not inhibit plaque formation nonspecifically. In those slides 

showing plaque inhibition, PVP-specific antibody released from poten

tial PFC bound the free PVP in the overlay and was prevented from 

reaching and subsequently, upon the addition of complement, lysing the 

PVP-coated SE.

Using the plaque inhibition assay it was also possible to par

tially investigate the nature of the antigenic determinant or epitope 

of the PVP molecule. PVP immune spleen cells were plated with PVP- 

coated SE in the presence of varying amounts of either 2-pyrrqlidone 

(2-PY)‘, N-vinyl-2-pyrrolidone (NVP) , or PVP K 90. The results (Figure 

3) demonstrate that 2-PY, which is the basic heterocyclic pyrrolidone 

ring structure, fails to inhibit PVP-specific plaques at any concen

tration tested. However, NVP, a monomer which consists of the pyrroli 

done ring and a single, vinyl group, inhibits PVP-specific plaques 

almost as efficiently as PVP K 90, the original antigen used to stimu

late the immune response. These results indicate that the vinyl group 

is an integral part of.the PVP epitope.

The plaque inhibition procedure can also be used to determine 

the avidity of antibodies produced by single hemolytic plaque-forming 

cells (52,53). The avidity of the antibodies produced by the PFCs 

is reflected by the relative sensitivity of the plaques to inhibition 

by free antigen. PlaquSS formed by low avidity antibody require
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Figure 3. Inhibition of PVP-Specific Plaques with PVP K90, N-Vinyl- 
2-Pyrrolidone, and 2-Pyrrolidone. A pool of spleen cells 
derived from 3 BALB/c mice given 0.25 yg of PVP 5 days 
previously was plagued in the presence of varying amounts 
of 2-PY, top; NVP, middle; or PVP, bottom.
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higher antigen concentrations for inhibition than high avidity plaques. 

PVP appears to stimulate relatively, high avidity plaques compared to ' 

plaques induced to the protein, bovine serum albumin (BSA). Approxi

mately 0.01 yg/ml PVP inhibited 50%.-of■PVP plaques (Figure 3) whereas 

Andersson (52). has reported that about 10 yg/ml of BSA must be added 

to inhibit 50% of BSA-specific PFC.

Class of Antibody Produced by PVP-Specific PFC 
5 Days Following Immunization

Preliminary experiments demonstrated that treatment of slides 

with a rabbit antimouse y-globulin serum did.hot result in increased 

numbers of PVP-specific PFC detected. The preparation and dilution of 

facilitating serum used had been previously shown to be effective in 

visualizing indirect PFC to sheep erythrocytes. To further define the 

class of antibody produced by PFC-specific PFC 5 days following immu

nization, normal mice were given a single optimally immunogenic dose of 

PVP; also a group of normal mice, was given a primary and secondary 

immunization of SE. • Five days following the last immunization, all 

mice were sacrificed and their spleen cells plagued on duplicate 

slides. One set of slides was treated with Con A (54) before the addi

tion of complement or complemtn plus facilitating serum.

The data of Table 4 show that treatment with Con A of slides from 

normal mice immunized twice with SE resulted in a dramatic reduction of 

direct plaques but only partial, reduction of facilitated plaques. The
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Table 4. Inhibition of IgM-Producing PFC by Concanavalin A

Antigen ■ - Inhibitor^
PFC/Spleena

Direct Facilitated

SE None 3.7)000 .. 158,750

Con A . \ iso '103,750

.PVP None■• ' 5,000 .NDc

Con A 0 ND

aDirect or facilitated PFC/spleen of mice immunized 5 days previously 
with.0.25 yg of PVP or 2 injections of 0.2 ml of a 10%: suspension of 
SE spaced 5 days apart. Pooled spleen, cell suspensions from 3 mice 
were used for all determinations.

bSpleen cell suspensions were plagued in the normal way except that' 
slides were treated with Cori A before the addition of complement. ■ 
Control slides which received no inhibitor were treated with saline 

'■ before the addition of complement. '

c ‘ ■Not determined.
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reduction in the number of plaques detected following inhibitor treat

ment most probably was due to the inhibition of plaques around IgM- 

producing cells. When immune spleen cells from PVP-immunized mice 

were treated with Con A, no PVP-specific plaques were detected.

These results confirm that the direct PVP-specific PFC detected 5 days 

following immunization are the result of IgM-producing cells.. Since 

no increase in PFC has ever been observed using facilitating serum, it 

was not necessary to test, the effect of Con A treatment of slides 

treated with an antimouse y-globulin serum. These results, however, 

apply only to PFC detected 5 days following immunization; it is pos

sible that cells producing antibody of classes other than IgM arise 

later in the course of the antibody response to PVP.

Passive Hemagglutination Assay for PVP-Specific 
Serum Antibody

To measure PVP-specific serum antibody, a passive hemagglutina

tion assay using microti ter plates and diluting loops was. developed-. 

Initial attempts to demonstrate agglutination of PVP-coated cells
' Vfailed because■these cells did not settle into recognizable patterns 

(Table 5). When PVP-coated-SE were resuspended in PBS containing 

0.4% gelatin (46), the cells formed easily distinguishable agglutina

tion patterns. Varying concentrations of PVP-coated SE in gelatin 

were added to identical serum sample titrations to determine the con

centration of PVP-coated SE which would yield the maximum titer and
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Table Si Utilization of PVP-Coated SE in a Passive Hemagglutination 
Assay

PVP-SE Resuspendeda . 
in

Concentration 
of PVP-SEb PHA Titerc Comment

1.0 % —  ' Not Readable

0. 5 % — Not Readable

PBS 0.25 % — Not Readable

. 0.125 % . Not Readable

0.06 % Not Readable

1.0 . % 8 Easily Readable

' 0.5 % 16 . Easily Readable •

PBS + 0.4 % . 0.25 % 64 Easily Readable
Gelatin

0.125 % ' 64 Difficult to Read

0.06 % 64 Difficult to Read

aSE were coated with PVP in the normal manner and resuspended to 
varying concentrations in either PBS or PBS + 0.4 % gelatin.

b0.025 ml of varying concentrations of PVP-coated SE were added to 
the wells in each row.

^Reciprocal of the highest dilution of serum showing a clearly 
recognizable agglutination pattern. Identical 2-fold serial dilutions 
in PBS or PBS + 0.4 % gelatin were made in microtiter plates of a pool 
of serum derived from mice immunized with 0.25 yg of PVP 5 days' 
previously.
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yet be easily readable and reproducible. Table 5 shows that 0.25% of 

PVP-coated SE in 0.4% gelatin was the best, concentration tested. More 

concentrated suspensions were not as sensitive to small amounts of 

antibody and more dilute suspensions were sensitive but difficult to 

read due to the very small number of cells present.

PVP Dose Response

Before meaningful experiments using PVP could be performed,

various characteristics of the PVP-specific immune response had to be

determined. To establish the dose response characteristics of the

primary PFC response to PVP, mice were injected with PVP doses ranging 
-4 2from 10 yg to 10 yg; the number of PVP-specific PFC was determined 

5 days later. The results (Figure 4) show, that mice produce appreci

able numbers of PFC in response to only a narrow range of PVP doses 
- 1 0 .(10 to 10 yg). Subsequent experiments indicated that the greatest

number of PFC was produced in response to 0.25 yg of PVP; this dose

was considered to be the optimal dose. It can be seen from the dose
-2 -4response curve (Figure 4) that a PVP dose of 10 yg and 10 yg were 

not consistently detectable. Immunization with doses greater than 

1.0 yg resulted in a reduction in the magnitude of the PFC response 

which may be attributed to the induction of. high dose paralysis (55).
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PVP Dose (yug/mouse)

PVP-Specific PFC Response Determined 5 Days Following 
Immunization of Mice with Varying Doses of PVP. Each 
point represents the mean PFC/spleen of 8 similarly 
treated mice.

Figure 4.
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PVP-Specific PFC Response on Varying ,Days 
Following Immunization-

Groups of mice were injected with an optimally immunogenic dose 

of PVP on varying days before plaque assay and the number of PFC de- 

terrained on the same day for all mice. The results presented in Figure 

5 show that mice produce very few PVP-specific PFC 2 and 3 days follow

ing immunization and produce maximal numbers of splenic PFC 4 days 

after immunization. The magnitude of the PFC response 5 days after 

immunization was found to be similar to the peak response observed on

day 4 post immunization. Because of the very drastic reduction in
 ̂ .

plaques observed just prior to day 4 and the maintenance of peak PFC 

responses on days 4 and 5, the number of PVP-specific PFC was rou

tinely determined approximately 4-1/2.days following immunization.

The number of PFC declined on days 6 and 7 following immunization.

PVP-Specific Serum Antibody Response on Varying Days 
■ Following Immunization

The serum antibody response to a single, optimally immunogenic 

dose of PVP was measured on varying days following immunization; sim

ilar results were obtained using a microtiter and a tube agglutination 

procedure. Tube agglutination results (Figure 6) show that a maximal 

PVP-specific serum antibody titer is present 5 days following immuni

zation. Thereafter, the titer remains at approximately the same level 

through day 50 following immunization. To discriminate between IgM and
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Days After PVP Injection

Figure 5. PVP-Specific PFC Response on Varying Days Following
Immunization with 0.25 yg of PVP. Each point represents 
the mean PFC/spleen of 4 mice.
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o — o

DAYS AFTER PVP IMMUNIZATION

Figure 6. PVP-Specific Serum Antibody Response on Varying Days
Following Immunization. Ten BALB/c mice were immunized 
with 0.25 pg of PVP and bled on varying days following 
immunization. Serum from each bleeding was pooled and 
samples were titered without further treatment ( #  #  )
or samples were incubated with 0.1 M 2-ME for I hour at 
room temperature just prior to titration ( O — O) .
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IgG serum antibody, 0.1 M 2-mercaptoethanol (2-ME) was incubated with 

serum samples for I hour at room temperature (56,57.). . The 2-ME 

treated serum whs then titered in the normal manner. Agglutination 

following 2-ME treatment has been attributed to IgG antibody. On day.

5 following PVP immunization, no 2-ME resistant antibody whs detected, 

but on hll other days tested, there appealed; to be a small amount of 

2-ME resistant antibody present.

PVP-Specific PFC Response of Nude'and Normal Mice

Because a previous study (11) using artifically T cell-deprived 

mice indicated that PVP was able to induce vigorous immune responses 

in the absence of T cells, it whs important to evaluate the immune 

response to PVP in congenitally thymus-deficient (nude) mice. Nude • 

and normal mice were injected with an optimally immunogenic dose of 

PVP, and the•number of spleen cells producing, antibody specific for 

PVP was determined 5 days later. Table. 6 presents the results of ex

periments I' through 4 using different groups of nude and normal mice. 

In experiment I, nude and normal littermate mice were taken from a 

colony maintained under conventional conditions and consisted of mice 

derived from heterozygous parents of the second to fourth cross- 

inter cross generation.■ Experiment 2 represented nude mice being bred 

into the GFW strain and normal CFW mice. The. nude mice used in ex

periments 3 hnd 4 were derived from the mating of heterozygous females
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Table 6. PVP-Specific PFC Response in 
Optimally Immunogenic Dose of

Normal and Nude Mice 
PVP

Given an

Exp. No. Mice
No. of 
Mice

PVP-Specific 
PFC/Spleen ± SDa P

I NLM (BALB/c) 15 3.666 ± 0.112b

Nude (BALB/c) 16

(4,634)C 

3.577 ± 0.067
P > 0.2d

(3.766)

2 Normal (CFW)• 9 3.841 ± 0.09

Nude (CFW) 21

(6,934) 

3.616 ± 0.08.
P > 0.1

(4,130)

3 . . Normal (BALB/c) 16 4.183 ± 0.05

Nude (BALB/c) . 15

(15,240) 

3.637 ± 0.15
p < 0.005

.(4,335)

' 4 Normal (BALB/c) 11 4.133, ± 0.06

Nude (BALB/c) 11

(13,583) 

3.932 ± 0.07
p > 0.05

(8,550)

aNumber of'PVP-specific PFC/spleen detected 5 days after immunization 
with 0.25 Vig of PVP.b .Log10 ± SD for 9-21 similarly treated mice.
C .Geometric mean.
dProbability value comparing the mean PFC/spleen of normal and nude 
mice .using Student's t test.
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and thymus-gland grafted nude males of the 11th and 1 2 ^  cross

intercross 'generations. The nude.mice in experiment 3, however, were 

taken from a colony maintained in a relatively dirty environment 

whereas the nude mice of experiment 4 were raised in a clean environ

ment in a separate building from the main mouse rooms. Although the 

genetic background of these mice was the same, the nude mice used in 

experiment 4 were generally much healthier, weighed more, and lived 

longer than the nude mice from the colony used in experiment 3.

The results of experiment I and 2 show that nude mice responded 

to PVP in. a manner quantitatively similar to thymus-bearing litter- . 

mates or to normal CFW mice; the differences between the two groups 

were not significant in either experiment I or 2 (p > .0.2 and p > 0.1, 

respectively). ■

In experiment 3, nude mice had significantly lower numbers of 

PVP-specific PFC when compared to normal mice but in experiment 4, 

using healthy nude mice the magnitude of the response of nude mice 

was statistically the sa,me as the response of normal mice. These data 

suggest that functional thymus-derived, cells are not an absolute re

quirement in the immune response of mice to PVP. ■ The apparent differ

ence noted in experiment 3 could•have been due to the poor health of 

the nude mice used. However, the condition of mice used in these ex

periments was not monitored in any quantitative manner but rather, 

mice were arbitrarily judged according to external appearance and



vigour; Thus, other possibilities which will be discussed below do 

exist and cannot be ruled out by.the results presented here.

The Effect of Varying Dose's of Radiation on the' immune .
Response to PVP

Although thymus-derived cells are. not an absolute requirement in 

the immune response to PVP,■previous reports (16,36-38,58) suggested 

that these cells can regulate the magnitude of the immune response t o  

this antigen. To test this possibility we attempted.to eliminate T 

cells that would normally exert a negative influence on the PVP re

sponse (suppressor T cells) by treating mice with varying doses of 

radiation. This approach was- shown to increase IgE responses of rats 

to DNP-ascaris presumably by eliminating, suppressor T cells (59).

Accordingly, groups of mice were given varying doses of radiation 

and immunized with PVP. The number of PVP-specific PFC was determined 

5 days later. The results (Table 7) show that even a dose as low as 

200 rad resulted in a dramatic reduction of the immune response to PVP 

and doses of■400, 600, and. 800 rad totally abrogated PVP-specific PFC 

responses 5 days following radiation and immunization. These results 

seem to. indicate that low doses of radiation kill B cells reactive, to 

PVP before T cells that might exert regulatory influences on the im

mune response to this antigen. However, it is possible that lower 

doses of radiation or other treatment,protocols would have.resulted . 

in more meaningful results.'



38

Table 7. The Effect of Varying Doses of 
PFC Response in BALB/c Mice

Radiation on the PVP-Specific

Group
No. of 
. ■ Mice . Treatment PVP-Specific-PFC/Spleen.■

' A' 3 None 17,950 '

B' ■ 3
/ . '
• 200 rad ' 2,075 ‘

c ;
. •’ ■

3 . 400 rad ■; 8

D 3 j ' 600 rad . . ' , 0

■ E 3 800 rad 0.

aMice were given varying doses of radiation from a CO source.
Within 3 hours after irradiation all; mice were immunized with 0.25 yg 
of PVP.- The number of PVP-specific PFC was■determined 5 days later.



3.9

Effect of ATS or ALS Treatment on the PFC 
Response to PVP

Treatment of;mice with ATS or ALS, agents which cause a deple

tion of thymus-derived cells, causes a depression of thymus-dependent 

immune’responses but not thymus-independent immune responses (60).

Thus, if suppressor T cells normally function.to dampen the response 

to PVP, their depletion following ATS or ALS treatment should result 

in increased PVP-specific PFC responses.

To test this possibility groups of normal mice were given a 

single i.p. injection of ATS or ALS at.the time of i.v. immunization 

with PVP. .The number of PVP-specific PFC was determined 5 days later. 

The "results (Tablet8) demonstrate that using this treatment protocol 

and either ATS or ALS with different strains of mice, no significant 

enhancement of the PVP-specific PFC response was observed.

It was possible that to be effective ATS must be administered by 

the same route as antigen. Accordingly, BALB/c mice were injected 

i.v. with an optimally immunogenic dose of PVP; immediately after 

immunization, various ..amounts of ATS or ALS were administered i.v. to 

some of the mice. The PFC response to PVP was assessed 5 days later. 

The data (Table 9) show that the magnitude of the PFC response to PVP 

was markedly increased in all groups of mice given any dose of ATS or 

ALS.- The ATS or ALS-induced increase in the PFC response is apparent 

. when the data, are expressed as PFC/spleen or as PEC/10 spleen cell's.
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Table 8. The Effect of Intraperitoneal Injection of ALS or ATS on 
the PVP-Specific PEG Responsea

Experiment Strain Treatment PVP-Specific PFC/Spleen^.

I LM -- . 4,500

LM . ATS 9,238

2 LM '- 4,800

LM . ALS 4,556

3 BALE/c NRS 1,530

BALB/c ALS 2,390

4 CFW ------- . 3,313

CFW ATS 3,413

aMice were'given a single i.p. injection of ATS (Microbiological 
Associates, Lot No. 14580) or 0.3 ml of ALS (Microbiological Associ
ates, Lot No. 14031) at the time of i.v. immunization with 0.25 ]ig 
of PVP. In some cases control mice were given 0.3 of normal rabbit 
serum (NRS). The number of PVP-specific PFC was determined 5 days 
following immunization.

bMean PFC/spleen for. 4-6 similarly treated mice.
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Table 9. Effect of Treatment with ATS or ALS on the Magnitude of the 
PFC Response to PVP in Normal BALB/c Mice

PVP-Specific PFCa

Exp. No.
Treatment 
of’Mice Spleen. H O O'

*

I None 3.845 ± 0.183b ■ 1.790 ± 0.105
(6,998)C (62)

ATS, 0.10 ml. . 4.630 ± 0.329 2.340 ± 0.257
(42,658) (219)

ATS, 0.20 ml 4.847.± 0.114 2.635 ± 0.139
(70,307) (432)

ATS, 0.30 ml 4.759 + 0.306 2.423 ± 0.249
(57,412) (265)

ATS, 0.40 ml 4.861 ± 0.168 2.537 ± 0.163
(72,611) (344)

II None 3.931 ± 0.125 1.898 ± 0.120
(8,531) (79)

ALS, 0.25 ml 4.487 + 0.271 2.404 ± 0.168

I .(30,690) (254)

ALS, 0.5p ml 4.590 ± 0.531 2.396 ± 0.410
(38,904) (249)

aNumbers of PVP-specific PFC per spleen and per 10 spleen cells de
tected. 5 days after' immunization with 0.25 pg PVP and i.v. injection 
of varying amounts of ATS or ALS. .ATS, Microbiological Assoc., Lot 
14580; ALS, Microbiological Assoc., Lot 14031. 

b -Log ± standard deviation for 3-4 similarly treated mice.
c 10Geometric mean.
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Therefore, the increase is not merely the result of ALS-induced sple

nomegaly.

ALS Treatment of Mice Immunized with both PVP 
and SSS-III

Baker (28,35)' has demonstrated that the magnitude of the PFC re

sponse to SSS-III is greatly enhanced in mice treated with ALS. The 

experiments reported here show that the magnitude of PFC responses to 

PVP are also, markedly elevated in mice treated with ATS or ALS compared 

to untreated control mice. It was interesting to evaluate the effect 

of ALS treatment on the magnitude of the PFC response to both PVP and 

SSS-III in mice given an optimally immunogenic dose of both antigens.

To perform this experiment, BALB/c mice were given a mixture of 0.5 yg 

of PVP and 0.5 yg of SSS-III by a.single i.p. injection. Half of the 

mice-were then injected i.p. with a preparation of horse anti-mouse 

lymphocyte serum kindly donated by Dr. Phillip.Baker, Laboratory of 

Microbial Immunity, NIAID,- NIH. The number of PFC to each antigen 

was detected 5 days following immunization and ALS treatment.

The results (Table 10) show that ALS treatment of doubly.immu

nized mice induced ah 18-fold enhancement in the magnitude of the PFC 

response to PVP and a 14-fold enhancement in the magnitude of the PFC 

response to SSS-III when, compared to mice which were given, only PVP 

and SSS-III. These results showing that the magnitude of the PFC re

sponse to both -antigens is increased to approximately the same degree
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Table 10. Effect of ALS Treatment on the Magnitude of the PFC 
Response to PVP and SSS-III

No. of _________ PFC/Spleena
Group Mice Treatment PVP-specific SSS-lil-specific

A 4 PVP + SSS-III 6,444 6,950 ■

B 4 PVP + SSS-III + ALS 118,213 98,088

aNumbers of PVP-specific and SSS-Ill-specific PFC/spleen detected 5 
days following i.p. immunization of mice with a mixture of 0.5 yg 
of PVP and 0.5 yg of SSS-III. Mice in group B were also given an 
i.p. injection of 0.3ml of ALS (donated by Phillip J. Baker,. Labora
tory of Microbial Immunity, NIAID, NIH, Bethesda, Maryland).
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suggested that ALS-induced enhancement is not antigen specific but 

rather that depletion of T cells by ALS treatment leads nonspecifically 

to increased PFC responses to certain. T helper cell independent anti

gens. Thus, this phenomena is not restricted to a single unique anti

gen. However, ALS-induced enhancement may only, be demonstrable with 

certain thymus-independent antigens which share some as yet unidenti-. 

fied characteristics. .

Effect of ALS Treatment on the PFC Response 
to PVP and BE in Normal Mice.

If ALS acts by depletion of thymus-derived cells, it should be 

possible to demonstrate enhancement of the PFC response to PVP under 

conditions in.which the PFC response to the thymus-dependent antigen, 

BE, was suppressed. In this experiment, 10 BALB/c mice were each im

munized with both PVP and BE and five of these mice were also injected 

with ALS. The data of Table 11 show that, in doubly immunized mice, 

treatment with ALS caused a significant increase in the response to 

PVP (p<0.001) and a significant decrease in the response to BE

(p<0.001).

It is possible that ATS or ALS, while impairing the thymus- 

dependent response to BE by inactivation of helper T cells, could 

enhance the response to PVP, in which there is no absolute requirement 

for thymus-derived cells, by removing a population of suppressor cells
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Table 11. Effect of Treatment with ALS on 
Response to PVP and BE in Normal

the Magnitude c 
. BALB/c Mice

Df the PFC

Treatment 
of Mice

PVP-Specific PFCa BE-Specific PFCa
Spleen IO6 . Spleen IO6

None 3.918±0.125b I.791±0.151 4.39610.210 2.270±0.237 ■
(8,279)° (62) (24,889) (186)

ALS,d 4.669±0.171 2.636+0.206 3.468+0.260 1.429+0.242
0.50 ml (46,666) (433) (2,938) (27)

aNumbers of PVP-specific PFC and BE-specific PFC detected 5 days after
immunization of all mice with 0.25 yg PVP and 0.2ml of a 10% suspen
sion of BE.
3̂L o q ± standard deviation for 5 similarly treated mice. 
cGeometric mean.
ĉALS, Microbiological Associates Lot 14031.
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or by a direct stimulatory effect upon B cells. The following experi

ment was designed to distinguish between these possibilities.

Effect of ATS on the PFC Response to PVP 
in Normal and Nude Mice

Nude and normal BALB/c mice were immunized with PVP, injected 

with either ATS or NRS, and the magnitude of the PFC response to PVP 

was assessed 5 days later. The normal group receiving ATS had a 7.5 

fold greater PFC response than the NRS-treated normal group; in con

trast, ATS treatment did.not increase the PFC response in nude mice 

(Table 12). The .results of this, experiment suggest that (a) thymus- 

derived lymphocytes are required to obtain ATS-induced enhancement, 

and (b) enhancement is not the result of a stimulatory effect of ALS 

upon B cells. If regulatory T cells exert only a negative influence 

on the PVP immune.response, nude mice which Igok functional T cells 

might be expected to respond in a manner similar to ATS-treated normal 

mice. However, nude mice and normal mice produce similar numbers of 

PVP-specific PFC in response to an optimally immunogenic dose of PVP. 

This suggests that nude mice lack not only a subpopulation of T cells 

that normally exerts a negative influence on the magnitude of the 

immune response but also a T cell subpopulation that can amplify the

PFC response to PVP.
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Table 12. Effect of Treatment with ATS on the Magnitude of the PFC 

Response to PVP in Nude and Normal BALB/c Mice

Treatment 
of Mice

PVP-Specific PFC3
• Mice Spleen ! H O

Normal NRS, 0.3 ml 4.123 ± 0.239b . 1.954 ± 0.279

(13,274)C (90)

Normal ATS, 0.3 ml 5,000 ± 0.140 2.871 ± 0.125

(100,000) (743)

Nude NRS, 0.3 ml 3.818 ± 0.304' 1.713 ± 6.293

(6,577) (52)

Nude ATS, 0.3 ml 3.826 ± 0.298 1.744 ± 0.322

(6,699) (56)

aNumbers of PVP-specific PFC per spleen and per 10^ spleen cells
detected 5 days after immunization with 0.25 yg PVP and injection 
with ATS or NRS. ATS, Microbiological Associates Lot 14580.

bLog10 ± standard deviation for 10 similarly treated mice. 

cGeometric mean.
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Effect of Adult Thymectomy on the PFC Response 
to PVP and ATS-Induced Enhancement

To investigate the effect of another method of T cell depletion, 

normal mice 6-7 weeks old were thymectomized. Eight weeks following 

thymectomy groups of age matched normal control mice, sham thymecto- 

mized, and thymectomized mice were given an optimally immunogenic dose 

of PVP with or without ATS. The magnitude of the PFC response was 

assessed 5 days after immunization. The results (Table 13) show that 

depletion of T cells by ATS treatment resulted in about a 5-fold en

hancement of the PVP response and removal of the thymus caused a 

2.5-fold increase in the number of PVP-specific PFC when compared with 

age-matched non-thymectomized, non ATS treated controls. Sham thymec

tomy alone, also, induced a modest increase in the PFC response to 

PVP. ATS treatment of adult thymectomized mice resulted in the great

est degree of enhancement observed. ,

These results' are consistent with the hypothesis that depletion 

of T cells by either ATS or adult thymectomy or both removes a popu

lation of thymus-derived cells which normally exerts a negative in

fluence on the magnitude of the immune response to PVP. The deple

tion of suppressor T cells allows the expression of a subpopulatibn of 

T cells which amplifies (amplifier T cells) the immune response to

PVP.
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Table 13. Effect of Adult Thymectomy on 
ATS-Induced Enhancement

the PFC Response to PVP and

Group
No. of 
Mice • Treatment ATS PFC/Spleen ± SDb

A 6 None - 19,050 ± 5,870

B . 8 None + 106,344 ± 43,113

C 6' Sham Thymec. - 30,460 ± 10,018

D . 8 Thymectomized - 51,266 ± 15,941

E 6 Thymectomized + 133,836 ± 84,184

aEight weeks following adult thymectomy, sham thymectomy, or no 
treatment, mice were immunized with 0.25 yg of PVP and in some groups 
given an i.v. injection of 0.3 ml of a 1:2 dilution of ATS which had ' 
been prepared in this laboratory. The number of PVP-specific PFC 
was determined 5 days following immunization. 

h>Arithmetic mean PFC/spleen ± SD for 6-8 similarly treated mice.

N

I \
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The increase induced following sham thymectomy may be due to the 

induction of a stress related involution of the thymus (61) again re

sulting in a partial depletion of a subpopulation of T cells.

PVP-Specific PFC Response in Nude Mice Given BALB/c 
Thymus or Bone Marrow Cells * 8

Because nude mice lack regulatory T cells, it was possible that

the injection of normal BALB/c thymocytes into nude mice would supply

the missing suppressor T cells resulting in decreased PFC responses to

PVP when compared to untreated nude mice. To test this possibility,

15 nude mice were given an optimally immunogenic dose of PVP and then

divided into 3 equal groups. Group A was not treated further, group

B was given 2 X IO^ BALB/c thymus cells, and group C was given
81.5 X 10 BALB/c bone marrow cells. The. number of PVP-specific PFC 

was determined 5 days following immunization. Contrary to expecta

tions, the results (Table 14) demonstrate that the injection of normal 

thymus cells into nude mice led to about a 2-fold enhancement of the 

response to PVP rather than a suppression. As expected, the injection 

of bone marrow cells resulted in a 3-fold enhancement of the response 

due probable to the addition of increased numbers of B cells capable 

of responding to PVP.

The failure of transferred thymocytes to suppress the response 

to PVP in nude mice could have been due to a number of reasons: (a)

thymocytes may need to be injected prior to immunization to allow time

I
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Table 14. PVP-Specific PFC Response in Nude Mice Given BALB/c 
Thymus or Bone Marrow Cellsa

Group Thymus Bone Marrow PVP-Specific PFC/Spleen^

A — — • 4,713

B 2 X IO8 — 10,925

C — 1.5 X IO8 14,050

aNude mice were given an i.v. injection of 2 X 10 BALB/.c thymus 
or bone marrow cells in a volume of 0.5 ml. Immediately following 
cells transfer all mice were immunized with 0.25 yg of PVP and the 
number of PVP-specific PFC was determined 5 days later.

^Arithmetic mean PFC/spleen for 5 similarly treated mice.
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for these cells to mature into suppressor T cells. (b) The enhance

ment observed following injection of thymocytes could have been due to 

an allogenic effect since the nude mice used in these experiments were 

not congenic with BALB/c mice. (c) The thymocytes could have been con

taminated with B cells derived from parathymic lymph nodes. (d) Nude 

mice may lack some essential thymic factor necessary to properly mature 

thymocytes. I was not able to distinguish among these possibilities.

PFC Response and ATS-Induced Enhancement to PVP 
in Nude Mice Implanted' with Thymus Glands

The implantation of syngeneic thymus glands in nude mice results, 

in almost normal thymus-dependent immune responses (62). I wished to 

determine if thymus gland-grafted nude mice (nude-TG) would be able to 

mount enhanced PFC responses to PVP following ATS treatment. Neonatal 

BALB/c thymus glands were implanted under the renal capsule of nude 

mice. Eight weeks following grafting groups of BALB/c, nude, and 

nude-TG mice were immunized or immunized and treated with ATS. The 

number of PFC was determined 5 days following immunization. The • 

results (Table 15) show that BALB/c mice treated with ATS had 5-fold 

higher PFC responses than untreated BALB/c mice whereas nude mice 

treated with ATS had approximately the same number of PVP-specific 

PFC as untreated nude mice. Unexpectedly, nude-TG given an optimally 

immunogenic dose of PVP had PVP-specific PFC responses which were 

7-fold higher than the responses of similarly treated normal or nude
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Table 15. Effect of ATS Treatment of BALB/c, Nude, or Nude-TG on 
the PFC Response to PVPa

Group
No. of 
Mice ATS Treatment bPVP-Specific PFC/Spleen ± SD

BALE/C 6 - 14,921 ± 5,560

BALB/c 6 +- 79,491 ± 26,028

Nude 6 - 13,304 ± 8,889

Nude 6 + 17,423 ± 7,068

Nude-TG 7 - 107,839 ± 88,083

Nude-TG 7 + 123,271 ± 66,015

aNude mice were grafted with a single neonatal BALB/c thymus gland 
under each renal capsule. Eight weeks following grafting groups of 
BALB/c, nude, and nude-TG mice were immunized with 0.25 V1O. of PVP 
and in some groups given an i.v. injection of 0.3 ml of a 1:2 dilu
tion of ATS prepared in this laboratory. The number of PVP-specific 
PFC was determined 5 days following immunization.

t) ' 'Arithmetic mean PFC/spleen ± SD for 6-7 similarly treated mice.
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mice. Nude-TG immunized and treated with ATS had even higher PFC re

sponses. ,

Effect of ATS Treatment on the Magnitude of the PFC
Response to PVP and BE in BALB/c, Nude, and Nude-TG Mice

Groups of normal, nude, and nude-TG were doubly immunized with 

PVP and BE. Half of the animals in each group were treated with ATS. 

The magnitude of the PFC response to PVP and BE was determined 5 days 

following immunization. The results (Table 16) show that ATS treatment 

of BALB/c mice caused a 5-fold increase in the response to PVP and a 

2-fold decrease in the number of BE-specific PFC. Nude mice responded 

well to PVP but had less than 1% of the BE response of normal mice;

ATS treatment of nude mice did not increase the magnitude of the PFC 

response to PVP or BIJ. Nude-TG had 7-fold enhanced PVP-specific PFC 

responses and BE-specific PFC responses which were similar to BE rer 

sponses in normal mice. As expected, ATS treatment of nude-TG caused 

a further increase in the PFC response to PVP. Surprisingly, ATS 

treatment of nude-TG did not affect the magnitude of the BE-specific 

PFC response.

These results confirm previous findings: (a) Nude mice respond

well to PVP, a thymus-independent antigen, but respond Very poorly to 

the thymus-dependent antigen, BE. (b) ATS treatment of normal mice 

results in enhanced PVP responses and decreased BE responses while ATS
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Table 16. Effect of ATS Treatment 
PFC Response to PVP and

of BALB/c, Nude, 
BEa

or■Nude-TG on the

PFC/Spleen*3
Group Treatment PVP-Specific BE-Specific

BALB/c PVP + BE 8,542 ± 2,815 46,458 ± 32,908

BALB/c PVP + BE + ATS 43,854 ± 11,611 25,958 ± 2,499

Nude BVP + B E 4,500 ± 2,165 120 ± 54

Nude PVP + BE + ATS 3,267 ± 1,716 117 ± 141

■Nude-TG PVP + BE 56,375 ± 14,234 24,725 ± 9,841

Nude-TG PVP + BE + ATS 109,000 ± 55,350 29,675 ± 5,515-

aNude mice were grafted with a single neonatal. BALB/c thymus gland 
under each renal capsule. Eight weeks following grafting groups of 
BALB/c, nude, or nude-TG mice were immunized with 0.25 yg of PVP and 
0.2 ml of a 10% suspension of BE and in some groups mice were given 
an i.v. injection of 0.3 ml of a 1:2 dilution of ATS which had been 
prepared in this'laboratory. The number of PVP-specific or BE- 
specific PFC was determined 5 days following immunization.

^Arithmetic mean PVP-specifiC or BE-specific PFC/spleen ± SD for 5 
similarly treated mice.
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treatment of nude mice does not alter the PFC response to PVP. (c)

Nude-TG have markedly increased responses to PVP.

Also, the results .presented here demonstrate that nude-TG have 

elevated PVP-specific PFC responses when helper T cell function ap

pears almost normal as assessed by the response to BE. These results 

can be explained by proposing a differential repair of thymus function 

in nude mice implanted with thymus glands. The activities of helper 

T cells and T cells amplifying the response to PVP appear to be nearly 

normal while the activity of cells which would normally exert a nega

tive influence on the magnitude of the PVP response is greatly dimin

ished.

PVP and SSS-III-Specif.ic PFC Responses in BALB/c,
Nude, and Nude-TG Mice

To determine if nude-TG would support enhanced antibody responses 

.to another helper T cell independent antigen, groups of normal, nude, 

and nude-TG mice were given a mixture of an optimally immunogenic dose 

of PVP and SSS-III. The number of PVP and SSS-III-specific PFC was 

determined 5 days later. Normal PFC responses to both antigens were 

found in BALB/c and nude mice. Nude-TG, on the other hand, had in

creased numbers of PVP-specific PFC compared to either BALB/c or nude 

mice. But, in the same mice the magnitude of the PFC response to 

SSS-III was not altered (Table 17). These results appear to be simi

lar to results obtained in adult thymectomized mice in which the PFC ■
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Table 17. PVP and SSS-III-Specific PFC Responses in BALB/c, Nude, 
and Nude-TG Micea

No. of
Group Mice

PFC/Spleen SD^
Immunization PVP-Specific SSS-III-Specific

BALB/c 3 PVP + SSS-III 13,450 ± 2,212 9,463 ± 5,722

Nude 5 PVP + SSS-III 5,500 ± 2,312 13,225 ± 11,860

Nude-TG 5 PVP + SSS-III 49,250 ± 14,034 9,725 ± 3,875

aNude mice were grafted with a single neonatal BALB/c thymus gland 
under each renal capsule. Eight weeks following grafting groups of 
BALB/c, nude, and nude-TG mice were given an i.v. injection of a 
mixture of 0.25 pg of PVP and 0.5 pg of SSS-III. The number of PVP- 
specific and SSS-III-'specific PFC were determined 5 days following 
immunization.

^Arithmetic mean PVP-specific or SSS-III-specific PFC/spleen ± SD for 
5 similarly treated mice.
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response to PVP is increased. (Table. 13, 37) while .the PFC/.resppns.e tb '
'■ ■ 1 ", C . - '

SSS-III is not (47). T-I Cells are rapidly depleted following-adult 

thymectomy (60) and it is possible that these cells are at least in 

part responsible for suppressor T cell activity directed agairist anti

body responses to PVP but not SSS-III. Therefore, nude-TG may have 

lowered numbers of T-I cells present in their spleens.

Effect of Thymosin Treatment on the PVP-Specific PFC 
Response in BALB/c, Nude, and Nude-TG Mice

Previous studies (27,60) suggest that short-lived suppressor 

T cells having the attributes of T-I cells depend upon the presence of 

an intact thymus gland or, alternatively/ the soluble products pro

duced by the thymus. Recently, a thymic factor derived from pig blood 

has been shown to restore short-lived suppressor T cell function in 

NZB mice (63) and treatment of adult thymectomized mice with calf 

thymosin allowed the development of suppressor T cells following an 

injection of picryl sulfonic acid (64).

In light of these results, the effect of thymosin treatment on 

the PVP-specific PFC response of nude-TG mice vjas tested. Groups of 

■BALB/c, nude, and nude-TG mice were given 9 i.p.yinjections of 500 yg • 

to thymosin fraction V, spaced over 3 weeks time. One day following 

the last injection of thymosin all mice were given an optimally immuno

genic dose of PVP and the magnitude of the PVP-specific PFC response■ 

was determined. 5 days later.
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The results presented in Table 18 show that thymosin treatment 

did not affect the magnitude of the PVP-specific PFC response of 

BALE/c or nude mice but nude-TG mice treated with thymosin had PVP- 

specific PFC responses which were less than half of the PFC responses 

in none treated'nude-TG and were similar to responses found in normal 

BALB/c mice. These results are consistent with the hypothesis that 

nude-TG have diminished T-I suppressor cell activity 8 weeks following 

implantation of neonatal BALB/c thymus glands under their renal cap

sule. This suppressor T cell activity can be restored by treatment of 

these mice with thymosin, a thymus hormone derived from calf thymus.

PVP-Specific PFC Response of BALB/c Mice Implanted 
with Syngeneic Thymus Glands

Does the nude mouse provide a unique environment which causes 

thymus function to mature in the fashion previously described, or will 

similar results occur if normal mice are implanted with syngeneic thy

mus glands? In an attempt to answer this question neonatal BALB/c 

thymus glands were implanted under the renal capsule of BALB/c mice. 

Eight weeks later the BALB/c gland grafted mice (BALB/c-TG) and un

treated control mice were given an optimally immunogenic dose of PVP.. 

Five days following immunization the mice were killed, examined for 

the presence of visible thymus glands under the renal capsule, and the 

number of splenic PVP-specific PFC determined.
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Table 18. Effect of Thymosin Treatment on the PVP-Specific PFC 
Response in BALB/c, Nude, and Nude-TG Micea

Group
No. of 
Mice Treatment t),PVP-Specific PFC/Spleen SD

BALB/c 5 - 17,775 ± 9,745

BALB/c 5 Thymosin 21,713 ± 7,738

Nude 5 - '9,550 f 4,564

Nude 4 Thymosin 10,031 ± 8,200

Nude-TG . 3 - 52,083 ± 9,382

Nude-TG 5 Thymosin 24,500 ± 12,243

aNude mice were grafted with a single neonatal BALB/c thymus gland 
under each renal capsule. Eight weeks following grafting half the 
mice in groups of BALB/c, nude, and nude-TG mice were injected i.p. 
with 500 tig of thymosin fraction 5 on Monday, Wednesday, and Friday 
for 3 weeks. One day after the last thymosin treatment, all mice 
were immunized with 0.25 ]ig of PVP. The number of PVP-specific PFC 
was determined 5 days following immunization.

^Arithmetic mean PFC/spleen ± SD for 3-5 similarly treated mice.
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The results of Table 19 show that BALB/c-TG had 3-fold higher 

PFC responses compared to normal BALB/c controls. Although not as 

dramatic, these results do resemble those obtained in nude-TG mice.

However, at necropsy the implanted thymus gland were not visible . 

in BALB/c-TG; in contrast, thymus glands were easily visible under the 

renal capsule of nude-TG in previous experiments. Also, it is possible 

that the surgical manipulation of these mice could have caused.a stress 

induced involution of thymus tissue resulting in increased PVP re

sponses. Thus, it is important to include sham operated control mice 

in experiments involving potentially stressful situations. For this 

reason and the difficulty in finding the implanted glands at necropsy, 

this experiment is being repeated including the appropriate controls.

Treatment of Mice with Hydrocortisone Acetate

Metcalf (49) and Dukor et al. (48) have described a characteris

tic sequence of events which occurs in thymus tissue following graft

ing. Immediately following the grafting of neonatal thymus glands to 

adult syngeneic mice, widespread death of cells occur in the grafted 

tissues. After an initial massive necrosis involving all but a narrow 

rim of cells in the periphery of the graft, the organ collapses inwards 

around surviving groups of epithelial and reticulum cells and some 

cortical lymphoid cells. Mitotic activity recommences in the surviv

ing lymphoid cells and regeneration takes place; normal thymus



62

Table 19. PVP-Specific PFC Response of BALB/c Mice Implanted with 
Syngeneic Thymus Glandsa

No. of bGroup Mice Treatment PVP-Specific PFC/SpleentSD

A 5 None 10,595 ± 4,284

B 13 Thymus gland 
grafted

36,450 ± 15,944

aBALB/c mice were grafted with a single neonatal BALB/c thymus gland
under each renal capsule. Eight weeks following grafting groups of 
normal BALB/c and thymus gland grafted BALB/c mice were immunized 
with 0.25 ug of PVP. The number of PVP-specific PFC was determined 
5 days following immunization.

^Arithmetic mean PFC/spleen ± SD for 5-13 similarly treated mice.
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architecture is restored by 2 to 3 weeks following grafting. Initi

ally the lymphoid elements of the grafted thymus are of donor origin 

but these gradually become replaced so that by 3 to 4 weeks post 

grafting, the gland is composed of an epithelial and reticulum cell 

spongework of donor origin with proliferating lymphoid cells of host 

origin.

A similar series of events appears to occur in the thymus of 

normal mice after the administration of hydrocortisone acetate (HG). 

Ishidate and Metcalf showed (65) that death of small.lymphocytes began 

in the thymus within 3 hours following the injection of 1.0 mg of HG 

to C3H mice. By 24 hours the cortex was almost completely denuded of 

identifiable lymphocytes. The reticular framework of the cortex col

lapsed around the medulla, in which the changes were less marked with 

some lymphocytes surviving the effects of the cortisone. By day 3, 

regeneration of small lymphocytes had commenced and by day.7, mitotic 

activity had re-appeared in the subcajpsular region of the cortex and 

an increased number of cells was present in the cortex. Ten days fol

lowing injection of HG normal thymus morphology was restored although 

the size of the organ was smaller and more mitotic figures were visible 

compared to normal thymus glands.

Both thymus grafting and cortisone treatment result in severe 

damage to the thymus gland followed by regeneration and restoration of 

normal thymus morphology; '■ Previous experiments (Tables 15-18) have
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demonstrated the presence of enhanced PFC responses to PVP in thymus 

gland grafted nude mice possibly due to a differential maturation of 

thymus function. In light of the previous descriptions, it was of 

value to determine if HC induced thymus involution and subsequent 

regeneration would, lead to enhanced PFC responses to PVP. Accordingly, 

groups of BALB/c mice treated either 50 or 60 days previously with 

2.5 mg HC were given an optimally immunogenic dose of PVP. The magni

tude of the PVP-specific PFC response was determined 5 days later.

The results presented in Table 20 show that mice treated 50 or 60 

days previously with 2.5 mg HG have only slightly increased numbers of 

PFC to PVP. There was, however, a very large range of PFC values in 

the two treatment groups as evidenced by the large standard deviations 

reported. For example, in the group receiving HC 60 days previous to 

immunization, the PFC values ranged from 15,825 to .83,425 PFC/spleen.

It seems likely, therefore, that HC treatment affects individual mice 

differently, at least in respect to their ability to respond to PVP. ■ 

Alternatively, it is possible that the time between treatment and im

munization was eithbr too long or too short to observe optimal results. 

Thus, the large range in values might have occurred because the mice 

were immunized on the lower or upper limit of the effects of the HC 

treatment. Also, Rotter and Trainin (37) have shown that HG resistant 

thymus cells were much more effective than normal thymus cells in re

ducing enhanced PFC responses to PVP in T cell depleted mice. Thus, it
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Table 20. PVP-Specific PFC Response of BALB/c Mice Treated With 

Hydrocortisone Acetatea

Group
No. of 
Mice Treatment PVP-Specific PFC/Spleen ± SD^

A 5 None 19,765 ± 6,988 .

B 4 HC (-50 days) 28,143 ± 17,640

C 6 HC (-60 days) 37,183 ± 27,081

aBALB/e mice were given a single i.p. injection of 2.5 mg of hydro
cortisone acetate. Fifty or 60 days later groups of normal and HC- 
treated mice were immunized with 0.25 yg of PVP. The number PVP- 
specific PFC was determined 5 days following immunization.

^Arithmetic mean PFC/spleen ± SD for 5 similarly treated mice.
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is possible that T cells which can act to suppress the response to PVP 

can survive HG treatment and are able to repopulate the damaged thymus 

in a nearly normal manner.

Treatment of PVP-Immunized Mice with Concanavalin A

Concanavalin A (Con A), a plant lectin, nonspecifically activates 

a larger percentage of T lymphocytes, but not B lymphocytes. These mi

togen actived T cells express many of the immunological activities 

characteristic of antigeri-actived cells. .Rich and Pierce (66) showed 

that T cells from mice injected 24 hr previously with 150 yg Con A 

suppressed PFC response by normal spleen cells in vitro. If the im

mune response to PVP can be regulated by activated suppressor or ampli

fier T cells, the injection of Con A into PVP-immunized mice should 

modify the PFC response to this antigen. Using a protocol suggested 

by Dr. P. J. Baker (personal communication) the previous hypothesis was 

tested. Fifteen BALB/c mice were given an optimally immunogenic dose 

of PVP and then divided into three groups. The mice in group A re

ceived no further treatment, the mice in group B were given■300 yg of 

Con A i.v. immediately following immunization, and the mice in.group C 

were given 300 yg of Con A 2 days following immunization. The magni

tude of the PFC response was determined 5 days following immunization

for all mice.
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The results (Table 21) show that mice injected with Con A and 

immunized with PVP on the same day had 8.6-fold fewer PFC than did 

non-Con A treated controls whereas mice treated with Con A 2 (jays 

following immunization had 4.8-fold higher PFC values than untreated 

controls. In light of previous extensive studies concerning the ef

fects of Con A activated T cells on in vitro immune response (27), 

the results of this preliminary experiment could be explained by pro

posing that Con A nonspecifically activates T cells which can either . 

suppress or amplify the immune response to PVP. However, much more 

evidence must be collected before this proposal can be accepted.

Effect of Prior Immunization with PVP on the PVP-Specific 
PFC Response

During the course of these studies it was useful to determine 

whether mice could produce secondary immune responses to PVP. The 

first of such experiments was performed to determine the effect of 

priming with an optimally immunogenic dose of PVP on the PFC response 

of mice following a second, optimally immunogenic dose of PVP. Mice 

were primed with.0.25 ug 1PVP and challenged 2 weeks later with 0.25 yg 

of PVP; the number of PVP-specific PFC was determined 5 days following 

challenge. The response of primed, immunized mice (Table 22, Group B) 

was 5.5-fold lower than the response of mice which received a single, 

immunogenic dose of .antigen (Table 22, Group A).
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Table 21. Effect of 
Response

Con A Treatment 
of PVPa

on the Magnitude of the PFC

Group
No. of 
Mice .Treatment toPVP-Specific PFC/Spleen SD

• A 5 None 17,655 ± 8,130

B 5 Con A (day 0) . ■ 2,045 ± 718

C , 5 Con A (day 2) 85,745 ± 53,462

aBALB/c mice were immunized with 0.25 pg of PVP and at the same time 
the mice in group B were given in i.v. injection of 300 Hg of Con A. 
Two days following immunization the mice in group C were given.an 
i.v. injection of 300 yg of Con A and the number of PVP-specific PFC 
was determined 5 days after immunization. '
bArithmetic mean PFC/spleen ± SD for 5 similarly treated mice.
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Table 22. PFC Response of Mice of PVP Following Primary and Secondary 
Immunization

Group PVP Immunization3, PFC/Spleen
Day 0 Day 14 Direct . Direct + Facilitated

A + ■ 4.334 ± 0.103b 

(21,581)°

4.322 ± 0.123 

. (20,970)

. B + ' + 3.607 ± 0.259 

(4,045)

3.695 + 0.204 

(4.957)

aThe mice in group B were given 0.25 yg of PVP on day 0. On day 14 
all mice were given 0.25 -yg PVP and the number of direct and facili
tated PVP-specific PFC was determined 5 days later.

bLogio PFC/spleen ± SD for 5 similarly treated mice. 

cGeometric mean.
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Previous results (Table 4, Fig. 6) indicated that mice immunized 

with PVP produced only IgM PFC 5 days following primary immunization. 

Similarly, in the present experiment the numbers of direct.and direct 

plus facilitated PFC were similar after a primary injection (Table 22) 

and after a secondary immunization (Table 22, Group B), eliminating the 

possibility that secondary immunization caused a shift in the immuno

globulin class of antibody producing cells.

These results seem to contradict a previous report (55) which 

indicated that prior immunization with PVP did not affect the serum 

antibody level following a second injection of antigen. However, it . 

was possible that differences in doses, time between priming and chal-. 

Ienge immunization, or assay methods could have caused the differing 

results. I, therefore, thought it useful to study the characteristics 

of the unresponsive state produced in mice by prior immunization with 

PVP.

Effect of Varying the Priming Dose on the Magnitude of the PFC 
Response to PVP Following a Second, Optimally Immunogenic Dose

The next experiment was performed to determine if varying the 

priming dose would affect the magnitude of the PVP-specific PFC re

following a second, optimally immunogenic dose of PVP. Groups of mice
- 5were primed with PVP doses ranging from 2.5 X 10 yg to 2.5 yg and

challenged 3 days later with an optimally immunogenic dose of PVP
\

(0.25 yg). The magnitude of the'PVP-specific PFC response was assessed
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5 days following challenge. The responses obtained were compared to

the response elicited by an optimally immunogenic dose of PVP (0.25 yg)

in unprimed mice (control group). The results (Figure 7), presented

as per cent of control PFC values, show that, with the exception of the
-6lowest priming dose (2.5 X 10 yg), all of the doses of PVP. used for 

priming reduced the magnitude of the PFC response to the second, opti

mally immunogenic dose of antigen. The degree of paralysis was depen

dent upon the magnitude of the priming dose over the lower dose range. 

Priming doses considerably below detectable immunogenic levels were 

able to markedly reduce the magnitude of the PFC response to a subse

quent, optimal dose of PVP. Thus, in comparison to the control group,
— 3 ' —4 — 5mice primed with 2.5 X 10 yg, 2.5 X 10 yg and 2.5 X 10 yg of PVP 

had 72, 66 and 41% fewer PVP-specific PFC, respectively. Maximal 

paralysis (10% of control response) was observed in mice primed with 

0.025 yg of PVP. Priming doses greater than 0.025 yg resulted in 

approximately the same degree of paralysis at a level slightly less 

than the maximum. Because maximal paralysis was observed in mice 

primed with 0.025 yg of PVP, this priming dose was used in the follow

ing experiments dealing with the induction of low-dose paralysis of

PVP.
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PVP Priming Dose (^g/mouse)
Figure 7. Effect of varying PVP Priming Doses on the PVP-Specific 

PFC Response Following a Second, Optimally Immunogenic 
Dose of PVP. Mice were primed with varying amounts of 
PVP and challenged 3 days later with 0.25 pg of PVP. The 
number of PVP-specific PFC was determined 5 days following 
challenge. Results, determined from 6 to 8 mice per group, 
are expressed as per cent of control PFC/spleen response. 
The magnitude of the control PFC response was determined 
from mice which were challenged only (0.25 yg of PVP).



73
Effect of Varying, the Time Between PVP-Priming and Challenge 

on the Secondary PFC Response '

It was possible that the amount of time between PVP priming and 

challenge immunization would greatly affect the magnitude of the secon

dary PFC response,. To test, this possibility, groups of mice of' equal 

age were primed with.PVP (0.025 pg) on various days before challenge 

immunization with an optimally, immunogenic dose of PVP. The number of. 

PVP-specific PFC was determined 5 days following challenge. The re

sults (Figure■8) indicate that the unresponsive state can be observed 

as early as one day following priming and that maximal unresponsiveness 

is attained 2 days following priming. • The unresponsive state is then 

maintained at approximately the maximal level through day 20 following 

priming. By day 30 after priming the magnitude of the PVP-specific 

PFC response returns to a level equivalent to a normal primary response 

and, interestingly, by day 60 following priming is 2.2-fold higher than 

the primary response.

Specificity of PVP-Induced Paralysis

The previous experiments demonstrated that prior administration 

of PVP resulted in a marked reduction in the magnitude of the PFC re

sponse to PVP following second, optimally immunogenic dose of PVP.

The following 2 experiments were performed to determine the specifi

city of the unresponsive state. In the first, the effect of PVP- 

priming oh the magnitude of the. PFC response to a thymus-dependent
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Figure 8. Effect of Varying the Interval Between Priming (0.025 yg) 

and PVP Challenge Immunization (0.25 Hg) on the PVP- 
Specific PFC Response Determined 5 Days Following Chal
lenge Immunization. The results, determined from 5 mice 
per group, are expressed as per cent of control PFC/spleen 
response. The magnitude of the control PFC response was 
determined from mice which were challenged only.
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antigen, BE,. was. studied. Mice wer.e primed with PVP and then chal

lenged with PVP, BE, or both antigens. Groups A and B (Table 23) 

demonstrate the induction of the unresponsive state to PVP while 

groups C and D show that priming with PVP does not reduce the magni

tude of the PEG response to BE. Furthermore, the results show that in 

mice primed with PVP and doubly immunized with PVP and BE (group F) 

only the PVP-specific PFC response was reduced; the BE-specific PFC 

response was equivalent, to. the response observed in unprimed mice 

'immunized with only BE (group C) or doubly immunized with PVP and BE 

(group E).

In the second experiment, the. effect of PVP-priming on the mag

nitude of the PFC response to a thymus-independent antigen was studied* 

SSS-III seemed ideally suited for use in this experiment because it 

.has been shown to indueq vigorous immune responses in the absence of 

thymus-derived cells (9,10) and prior.injection of low doses of SSS-III 

in mice produced a state of specific unresponsiveness (67,68) similar 

in certain characteristics to the unresponsive state produced by PVP.

In this experiment mice were primed with either PVP or SSS-III and 

then each was challenged with both PVP and SSS-III. The data (Table 

24) show that PVP-priming produces a reduction in only the PVP-specific 

PFC response when compared to mice only challenged with PVP and SSS- 

III; similarly, priming with SSS-III did not affect the response to 

EVP but■did produce a marked reduction in the magnitude of the SSS-III
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Table 23. Effect of Priming with PVP on the Magnitude of the PFC 
Response to PVP and BE

Group
Priming Immunization PFC/Spleena

PVP PVP BE PVP-Specific ■ BE-Specific

A 1 + - 4.102 ± 0.033b 2.460 ± 0.208 ■

(12,647)° ' (288)

B +. - 3.332 ± 0.053 2.220'± 0.266

(2,148) (166)

C . - + 1.715 ± 0.982 4.519 ± 0.105

(52) (33,037)

D - + ' '2.991 ± 0.202 4.596 ± 0,124.

(979) (39,445)

E + . + 4.089 ± 0.154 4.662 ± 0.073

. (12,274) ■ (45,920)

F .+ + + , 3.345 ± 0.084 4.707 ± 0.088

(2,213) (50,933)

Mice were, primed with 0.025 yg of PVP and then challenged 3 days
later with PVP (0.25 yg) , BE (0.2 ml of 10% suspension) >. or both.
The number.of PVP-speclfic and BE-specific PFC was determined 5 days 
after challenge. . . • ., t . . .
Log^qPFC/spleen ± SD for 5 similarly treated mice.

0Geometric mean.
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Table 24. Effect of Priming with PVP or SSS-III on 
the PFC Response to PVP and SSS-III

the Magnitude of

Priming Immunization PFC/Spleena
Group PVP SSS-III PVP SSS-III PVP-Specific SSS-III Specific

A - + + 4.255 ± 0.152b 4.044 ± 0.196

(18,007) (11,064)

B + - + + 3.467 ± 0.144 3.975 ± 0.122

(2,934) (9,451)

C + + + 4.231 ± 0.146 3.270 ±0.362

(17,014) (1,862)

3Mice were primed with either PVP (0.025 yg) or SSS-III (0.01 yg) and
then challenged 3 days later with a mixtyre of 1.0 yg of SSS-III and 
0.25 yg of PVP. The number of PVP-specific and SSS-III-specific PPC 

. was determined 5 days after challenge.

^Log^Q PFC/spleen ± SD for 5 similarly treated mice.

cGeometric mean.
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specific PFC response. These results (Tables 23 and 24) demonstrate 

that the unresponsive state induced in mice by prior injection of PVP 

was specific for the PVP immune response and did not affect the other 

thymus-dependent or thymus-independent antigen responses studied.

Ability of PVP Preparations of Varying Molecular Weights 
to Induce Low-Dose Paralysis

In the previous studies mice were primed and challenged with PVP

K 90, a PVP preparation with an average molecular weight of 360,000.
X

It was interesting to determine if lower molecular weight preparations 

of PVP had the ability to induce low-dose paralysis. Accordingly, 

groups of mice were primed with 0.025 yg of PVP K 15, K 30, or K 90 

with average molecular weights of 10,000, 40,000, and 360,000 daltons, 

respectively. Three days later all mice were given an .optimally im

munogenic dose of PVP K 90 and the number of PVP-specific PFC was 

determined 5 days following challenge immunization.

The results (Table 25) indicate that PVP K 30 induced low-dose 

paralysis which was quantitatively similar to the paralysis induced 

by priming with PVP K 90. However, prior injection of 0.025 yg of PVP 

K 15, average molecular weight 10,000, failed to induce any detectable 

paralysis.

A previous report by Andersson (55) showed that the immunogeni- 

city of PVP decreased with decreasing molecular weight. The data pre

sented here indicate that the ability to induce low-dose paralysis
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Table 25. Ability of PVP Preparations of Varying Molecular Weights 
to Induce Low-Dose Paralysisa

Group
No. of 
Mice

Preparation of PVP
PVP-Specific PFC/Spleen*3Priming Immunization

A 3 - K 90 14,330

■ B ’ 3 . K 15 K 90 16,658

. C 3 • K 30 K 90 3,758

D 3 K 90 K 90 2,433

aMice were primed with 0.025 pg of PVP K15, K30, or K90 and then chal
lenged 3 days later with 0.25 yg of PVP K90. The number of PVP- 
specific PFC was determined 5 days after challenge.

^Arithmetic mean PFC/spleen for 3 similarly treated mice.
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also decreases as the size of the molecules become smaller. It is 

also possible that increasing priming doses of PVP K 15 would induce 

paralysis, but this experiment would not be valid unless the size of 

the molecules in the preparation were shown to be homogeneous since 

increasing the dose would also increase the amount of any higher 

molecular weight molecules present in the preparation.

■Effect of ATS Treatment of PVP-Primed Mice

The previous few experiments have described the existence and 

some of the characteristics of PVP-induced low-dose paralysis. The 

following experiments were performed in an effort to determine the 

mechanism whereby a. single low dose of PVP induces an immunologically 

unresponsive state to a second optimally immunogenic dose of antigen.

Baker (28,68) has proposed that low-dose paralysis to SSS-III is 

a T-cell dependent phenomenon in which suppressor T cells, activated 

by low doses of antigen, exert a negative effect upon the magnitude of 

the antibody response to subsequently administered antigen. In light 

of this proposal, it was possible that depletion of T cells by treat

ment with ATS would abrogate low-dose paralysis to PVP in mice given 

a prior weakly immunogenic dose of PVP.

To test this possibility, BALB/c mice were either primed (groups 

B , D; Table 26) with 0.025 Hg of PVP or left untreated. . Three days 

later all the mice were given an optimally immunogenic dose of PVP and
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Table 26. Abrogation of Low-Dose Paralysis to PVP in Mice Given ATS 
at the Time of Immunization3

Group
Priming Dose 
0.025 yg-PVP

Immunizing Dose 
0.25 yg PVP .

ATS 
0.3 ml PFC/Spleen

A + 4.149 ± 0.129b 

(14,421)C

B + + - 3.387 ± 0.184 

(2,438)

C + + 4.852 ± 0.137 

(71,121)

D + + + .3.989 ± 0.064 

(9,750)

3Mice were primed with 0.025 yg of PVP and then challenged 3 days 
later with 0.25 yg of PVP. At the time of challenge immunization 
mice in groups C and D were given an i.v. injection of ATS (Micro
biological Associates Lot 15106).

^Log PFC/spleen ± SD for 5 similarly treated mice.

cGeometric mean.
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some (groups C, D) were treated with ATS. The magnitude of the PVP- 

specified PFC response was determined 5 days following challenge immu

nization.

The results (Table 26) show the induction of typical low-dose 

paralysis in primed mice (group B) compared to mice which were only 

challenged (group A). The mice in group C which were immunized and 

treated with ATS had enhanced PVP-speciflc PFC responses indicating 

the effectiveness of the ATS preparation used. Those mice (group D) 

which were primed, immunized, and treated with ATS had PFC responses 

which were slightly lower than PFC responses of normal untreated mice 

(group A). Thus, the paralysis which would normally be expected in 

mice given a prior injection of PVP appeared to be abrogated by treat

ment of these mice with ATS.

These data can be explained in at least 2 ways: (a) ATS treat

ment of PVP-primed mice caused the depletion of PVP-specific suppres

sor T cells which had b^en activated by the prior injection of a low 

dose of PVP. The depletion of these specific suppressor cells allowed 

the expression of an essentially normal PVP-specific PFC response.

(b) The ATS treatment nonspecifically eliminated a population of 

thymus-derived cells which would have exerted a negative effect on the 

remaining, PVP activated B cells which escaped paralysis induced by the 

previous injection of'1 a low dose of PVP. Elimination of regulation oh 

these remaining B cells could have led to a PFC response which
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appeared essentially normal. Due to the nonspecific nature of the 

effects of ATS, it was difficult if not impossible to distinguish 

between these possibilities. Other experiments (to follow) were 

designed in further attempts to determine the mechanism of low-dose 

paralysis to PVP.

Effect of Adult Thymectomy on the Induction 
of Low-Dose Paralysis

A previous■experiment (Table 13) and the results of Rotter and 

Trainin (37) demonstrate that PVP-specific PFC responses are elevated 

in adult thymectomized mice presumably due to the loss of short-lived 

thymus-derived cells which can suppress the immune response to PVP. 

Because it was possible that the induction of low-dose paralysis de

pended upon the activation of suppressor T cells, it was important to 

determine if low-dose paralysis could be induced in thymectomized mice 

which have lowered numbers.of suppressor T cells. Normal BALB/c mice 

6-7 weeks old were thymectomized or sham thymectomized. Eight weeks 

later half the mice in groups of normal, sham thymectomized, and thy

mectomized mice were primed with 0.025 yg of PVP. All the mice were 

challenged 3 days later with an optimally immunogenic dose of PVP and 

the magnitude of the PFC response was determined 5 days following, 

challenge immunization. The results (Table 27) show that thymecto

mized mice had 2.5-fold higher PFC responses than untreated BALB/c 

mice. Sham thymectomy induced a modest increase in the magnitude of
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Table 27. Effect of Adult Thymectomy on the Induction of Low-Dose 
Paralysis3 ' . ■ ; ■

Group
No. of 
Mice Treatment

PVP
Primed

PVP
Immunized PFC/Spleen*3

% of 
Control

A 6 None - + 19,050. ± 5,870 -

B 8 None + + 2,986 ± 1,014 15.7

C 6 Sham 
Thymec.

- + 30,460 ± 10,018 -

D .5 Sham 
Thymec.

+ + 4,808 ± 2,484 15.8

E 8 Thymecto
mized

- + 51,266 ± 15,941 -

F 8 Thymecto
mized

+ + 1,788 ± 769 3.5

aBALB/c mice aged 5-6 weeks were thymectomized, sham thymectomized, or 
not treated. Eight weeks following thymectomy half of the mice in 
each group were primed with 0.025 yg of PVP and then all mice were 
challenged 3 days later with 0.25 yg of PVP. The number of PVP- 
specific PFC was determined 5 days after challenge.

bArithmetic mean PFC/spleen.+ SD for 5-8 similarly treated mice.
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the PFC-response to PVP possibly due to a stress-induced mice (15.7% 

of control) and in sham thymectomized mice (15.8% of control). How

ever, the induction of low-dose paralysis appeared to be more effi

cient in thymectomized mice since thymectomized, primed, and chal

lenged mice had only 3.5% of the PFC response of thymectomized and 

challenged mice.

These data would appear to argue against the proposal that low- 

dose paralysis is mediated by suppressor T cells. However, it is pos

sible that the suppressor T cells responsible for the induction of 

low-dose paralysis are long-lived and thus were not yet depleted 8 

weeks post thymectomy.

Induction of Low-Dose Paralysis in Nude Mice

Nude mice lack functional thymus-derived cells and necessarily 

also lack regulatory T cells.*. If low-dose paralysis is dependent 

upon the activation of suppressor T cells, priming nude mice with a 

low dose of PVP should not cause a reduction in the magnitude of the 

PFC response following _a subsequent optimally immunogenic dose of 

antigen. To test this possibility, groups of normal and nude mice 

were either primed with PVP or left untreated. Three days later all 

mice were challenged and the number of PVP-specif ic PFC was determined . 

5 days following challenge.
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The results of Table 28 show, that PVP-priming of normal mice in

duced a typical unresponsive state (13.6% of control) measured follow

ing a subsequent challenge dose of PVP. However, PVP-primed nude mice 

consistently had approximately 50% as many PVP-specific PFC as did 

nude mice which had received only a challenge immunization of PVP.

Low-dose paralysis does appear to be inducible in nude mice but 

in a less severe form than in normal thymus bearing mice. Again, 

these data do not support the proposal that suppressor T cells mediate 

low-dose paralysis. A recent report (69), however, suggests that nude 

mice derived from heterozygous parents may contain some functional 

thymus-derived cells acquired.either through the placenta or through 

the colostrum. Nude mice derived from nu/nu parents would be very 

useful to help this problem. Attempts are presently being made in 

this laboratory to raise such animals.

Induction of Low-Dose Paralysis in Nude Mice 
Implanted with Thymus Glands '

; ■
The degree of low-dose paralysis induced in nude mice was less 

than the level of paralysis observed in normal mice. It was inter

esting to assess the ability to induce low-dose paralysis in nude mice 

which had been implanted with thymus glands. Nude mice were grafted 

with neonatal BALB/c thymus glands under the renal capsule. Eight 

weeks - later half the mice in groups of normal, nude, and nude-TG mice 

were primed with 0.025 JJg of PVP. Three days later all of the mice
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Table 28. Effect of PVP Priming on the Magnitude of the PFC Response
of Nude and Normal Mice Following an Optimally Immunogenic
Dose of PVPa

Group
No. of 
Mice

PVP
Priming

PVP
■ Immunization ' PFC/Spleen ± SD

% of 
Control

Normal 21 + • 16,410 ± 7,682 -

Normal .21 . + + 2,236 ± 1 1 1 ' 13.6

Nude 20 ' - + 6,772 ± 4,158 -

Nude 21 . + + 3,250 ± 1,651 48.0

aGroups of nude and normal mice were primed with 0.025 yg o±E PVP and .
then challenged 3 days later with"0.25 yg of PVP. The number of 
PVP-specific PFC was determined 5 days after challenge.

^Arithmetic mean PFC/spleen ± SD for 20-21 similarly treated mice.
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were given an optimally immunogenic dose'of PVP; the number of PVP-. 

specific PFC was determined '5 days following challenge immunization.

The results presented in Table 29 show that nude mice primed 

with PVP again had a quantitatively lower degree of paralysis (34% of 

control) than did similarly treated normal mice (12% of control). 

Interestingly, restoration of thymus function in nude mice by implan

tation of thymus glands resulted in an enhanced degree of paralysis 

(1.7% of control) compared to similarly treated normal nude mice.

The degree of paralysis observed in nude-TG may be somewhat, 

exaggerated due to the markedly elevated responses to PVP observed in 

nude-TG. However, it is still apparent that nude-TG are mbre effec

tively paralyzed at this priming dose than normal nude mice. These 

data suggest that thymus function at least contributes to the develop

ment of PVP-induced low-dose paralysis. But, the results do not 

directly implicate suppressor T cells in this phenomenon.

Attempts to Transfer PVP-Induced Low-Dose Paralysis

If low-dose paralysis is mediated by the action of specific sup

pressor T cells, it should be possible to transfer paralysis to a 

normal recipient with cells removed from a PVP-primed animal. To test 

this possibility, normal mice were given varying amounts of normal 

syngeneic spleen cells or syngeneic spleen cells from mice primed 3 

days previously with 0.025 yg of PVP. One group of mice did not .
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Table 29. Induction of Low-Dose Paralysis in Nude Mice Implanted with 
Thymus Glandsa

Group
No. of 
Mice

PVP
Primed

PVP
Immunized PFC/Spleen ± SDb

% of 
,Control

BALB/c 6 - + 14,921 ± 5,560

BALB/c 6 + + ' 1,788 ± 329 12'. 0

Nude ' 6 . - + 13,304 ± 8,889 -

Nude 6 + + 4,486 ± 1,728 34.0

Nude-TG 7 - + 107,839 ± 88>083 -

Nude-TG 7 + + 1,791 ± 503 1.7

3Nude mice were grafted with a single neonatal BALB/c thymus gland 
under each renal capsule. Eight weeks following .grafting groups of 
BALB/c, nude, and nude-TG mice were primed with 0.025 jig of PVP and . 
then challenged 3 days later with 0;25 yg of PVP.. The number of PVP- 
PFC was determined 5 days after challenge.

^Arithmetic mean PFC/spleen ± SD for 6-7 similarly treated mice.
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receive any cells. All mice were immunized with, an optimally immuno

genic dose of PVP at the time of cell transfer; the number of PVP-' 

specific PFC was determined 5 days following immunization. The re

sults (Table 30) show that mice which received normal spleen cells 

had PFC responses, which were similar to PFC responses of mice which . 

did not receive any cells. However, the infusion of spleen cells 

from primed mice resulted in PVP-specific PFC responses which were 

lower than the responses of either normal mice or mice receiving 

uriprimed spleen cells. The greatest degree of suppression was observed 

in those recipients receiving 5 X IO^ primed Spleen cells.

Table 31 presents the results of another transfer experiment 

using the same protocol as in the previous experiment except that only 

one cell dosage was used. Again the infusion of PVP-primed spleen 

cells into normal recipients resulted in lower PFC responses compared 

to mice which did not receive any cells or to mice which received an 

equal amount of normal spleen cells. However, analyzing the results 

with student's t test, the mean PFC value of the group receiving primed 

spleen cells was not significantly lower than the group receiving nor

mal spleen cells (p > 0.05) or the group which did not receive any • 

cells (p > 0.05).

These results, although not highly significant, provided a trend 

suggesting the transfer of paralysis by PVP-primed spleen cells. It 

was possible that the protocol used in the previous, experiments did
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Table 30. Transfer of PVP-Primed Spleen Cells to Normal Recipients3,

Recipient
Group

No. of 
Mice Cells Transferred PVP-Specific PFC/Spleen^

A. 3 None 15,300

B 3 7Normal Sp (5 X 10 ) .14,304

C 3 7Primed Sp (I X 10 ) 8,325

D 3 7Primed Sp (5 X 10 ) 5,375

E 3 Primed Sp (IX 10^) 8,317

3Normal BALB/c mice were given varying numbers of spleen cells from 
normal mice or mice which had been primed 3 days previously with 
0.025 Hg of PVP. Immediately after cell transfer all mice were chal
lenged with 0.25 Ug of PVP and the number of PVP-specific PFC was 
determined 5 days after challenge.

bArithmetic mean PFC/spleen for 3 similarly treated mice.
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Table 31; Transfer of PVP-Primed Spleen Cells to Normal Recipients1

Recipient
Group

No. of 
Mice Cells Transferred

PVP-Specificb'
PFC/Spleen P

A 5 None 23,775 ± 8,150—

-p>0.05

B ' 5 Normal Sp (5 X IO7) 27,065 ± 10,730-i

5 Primed Sp (5 X IO7) ' 16,585 ± 2,805

. -p>0. 05

*7 * *7aNormal BALB/c mice were given 5 X 10 normal spleen cells dr 5 X IQ 
spleen cells from mice primed 3 days previously with 0.025 yg of PVP. 
Immediately..after cell transfer all mice were challenged with 0.25 yg 
of PVP and the number of PVP-specific PFC was determined ’ 5 days after 
challenge.

^Arithmetic mean PFC/spleen ± Sti for 5 similarly treated mice.
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not provide the conditions necessary to demonstrate optimal transfer of 

low-dose paralysis. Accordingly, other procedures were developed and 

tested in an attempt to demonstrate if PVP-primed spleen cells could 

suppress the PFC response of normal recipients to this antigen.

Normal mice were injected with syngeneic spleen cells from normal 

mice or from mice primed 3 days previously with 0.025 yg of PVP. Two 

days following cell transfer recipient mice were given an optimally 

immunogenic dose of PVP; the number of PVP-specific-PFC was determined 

'5 days following immunization. The results (Table 32) do not show any 

difference in the magnitude of the PFC response to PVP of mice given 

normal spleen cells, primed spleen cells, or no cells at all.

Previous studies .have indicated that adoptive transfer experi

ments are sometimes more effective if the recipients are lightly irra

diated. To test the applicability of this procedure to the transfer of

low-dose paralysis, BALB/c mice were given 75 rads irradiation.followed
7 - 73 hrs later with the injection of 5 X 10 normal spleen cells, 5 X 10 

2 day PVP-primed spleen cells, or no cells at all. Two days following 

irradiation and cell transfer all mice were immunized with PVP and the 

number of PFC to PVP was determined 5 days following immunization. The 

results (Table 33) show that the mean PFC value of mice receiving 

primed spleen cells was significantly less than the mean PFC value of 

mice receiving normal spleen cells but not significantly different 

from the PFC response of mice which did not receive any cells. Because
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Table 32. Transfer of PVP-Primed Spleen Cells to Normal Recipients^

Recipient
Group

No. o f 
Mice Cells Transferred PVP-Specific PFC/Spleenb

A : 5 None 21,338 ± 9,016

B 5. Normal (5 X IQ7) '17,230 ± 3,427

C 5 7Primed (5 X 10 ) 20,281 ± 3,099

aNormal BALB/c mice were injected with 5 X 10 spleen cells from normal 
mice or from mice primed 3 days previously with 0.025 yg of PVP. Two 
days following cells transfer all recipient mice.were immunized with 
0.25 yg of PVP; the number of PVP-specific PFC was determined 5 days 
following immunization.

b -Arithmetic mean. PFC/spleen ± SD for 5 similarly treated mice.
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Table 33. Transfer of PVP-Primed Spleen Cells to Lightly'irradiated
Recipients3,

Recipient
Group

No .• of 
.Mice

Recipient
Treatment Cells Transferred

PVP-Specific
PFC/Spleen13

A 5 75 rad None 11,320 ± 3,232

B 5 75 rad 7Normal Sp (5 X 10 ) 16,120 ± 6,806

C 5. 75 rad 7Primed Sp (5 X 10 ) 8,204 ± 2,667

aNormal BALB/c mice were given 75 rads using a CO source .followed 
3 hours later with the injection of 5 X IO^ normal spleen cells,
5 X IO^ spleen cells from mice primed with 0.025 Hg of PVP 3 days 
previously, or ho cells at all. Two days following irradiation and 
cells transfer all mice were immunized•with 0.25 yg of PVP; the number 
of PVP-specific PFC was determined 5 days following immunization.

bArithmetic mean PFC/spleen ± SD for 5 similarly treated mice.

I
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a group of mice which did not receive any radiation or cells was not 

included in the experiment, it was impossible to determine if irradi

ation alone dampened the PFC response to PVP. If 75 rads did kill PVP 

reactive B cells, the PFC response.of mice in group B really reflects 

the B cells response of donor plus recipient B cells. Then the re
duced PFC response observed in mice of group C could be due merely to 

the lowered numbers of available PVP-responsive B cells present in the 

PVP-primed donor cell inoculum and not to. the. transfer of active sup

pression mediated by T cells.

.Collectively, the results of the previous 4 experiments are dif

ficult to interpret. There does appear to be a trend suggesting that 

the injection of PVP-primed spleen cells can suppress the immune re

sponse to an optimally immunogenic dose of PVP in normal recipients. 

However, the results are not consistently observable and in some cases 

not statistically significant. These somewhat negative results do not 

rule out the possibility that low-dose paralysis is due to the action 

of suppressor. T cells. These data do, however, suggest that other 

mechanisms should be seriously considered as the mediators of the 

immunologically specific state of unresponsiveness observed in mice 

given a prior, weakly immunogenic dose of PVP.



DISCUSSION

The ability of thymus-derived cells to regulate the antibody re

sponse to PVP, an antigen previously thought of as thymus-independent, 

was investigated. Prior to the primary study a sensitive and reliable 

assay to detect individual cells producing PVP-specific antibody was 

developed and certain characteristics of the immune response.of mice to 

this antigen were described.

Mice were given an optimally immunogenic dose of PVP (0.25 yg) 

(Figure 4) produce maximal numbers of splenic IgM producing (Table 4) 

PVP-specific PFC 5 days later (Figure 5). The PFC detected are spe

cific because small amounts (0.1 yg) of PVP or the monomer N-vinyl-2- 

pyrrolidone (NVP) completely inhibit the appearance of PVP-specific 

plaques (Figure 3). The addition of free PVP to the overlay, however, 

did not affect the detection of PFC producing LPS or Vi-specific anti

body (Figure 2) thus excluding any nonspecific inhibitory effect of 

PVP on plaque formation.

The plaque inhibition assay can also be used to determine the 

strength of the bond between a single antibody combining site with a 

single epitope (antibody affinity) or, when a multivalent antigen and 

antibody are involved, the average ability of an antibody to bind 

antigen (avidity) The amount of antigen that has to be added to the 

medium to inhibit a given proportion of plaques is a quantitative 

estimation of the strength of the bond between antigen and antibody
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(53). Plaques formed by low avidity antibody require higher antigen 

concentrations for inhibition than high avidity plaques. Using PVP 

K90 as the inhibitor the avidity of the antibody produced in response 

to an optimally immunogenic dose of PVP was estimated. Approximately 

0.01 pg/ml PVP inhibited 50% of PVP plaques (Figure 3) which is about 

1,000 times less than the amount of bovine serum albumin (BSA) re

quired to inhibit 50% of BSA-specific PFC (52). However, avidity is 

dependent upon the valency of the antigen and antibody (53) and the use 

of an antigen with numerous repeating epitopes such as PVP could lead 

to an overestimate of the binding strength between antigen and anti

body. When, plaques are inhibited by a monovalent hapten, antibody 

affinity can be measured. The concentration of free hapten that in

hibits 50% of the plaques is a reliable quantitative estimation of the 

association constant of the antibody combining site with ligand (53).

In the present system, the addition of NVP but not 2-pyrrolidone, in

hibited the development of PVP-specific plaques at concentrations sim- 

ilar to inhibition with PVP K 90. The use of NVP as an inhibitor 

should approximate inhibition with monovalent hapten and, accordingly, 

the concentration of NVP that inhibits 50% of PVP-specific PFC (Figure 

3) should give an estimate of the affinity of antibody produced, by 

single cells in the spleens of mice immunized with PVP. The inhibi

tion curves (Figure 3) for PVP and NVP are very similar suggesting 

that, using the plaque inhibition assay, measurements of PVP-specific
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antibody avidity closely approximate antibody affinity. These con

clusions, however, depend upon the purity of the NVP used to inhibit 

PVP-specific plaques. The presence of PVP in this preparation, pos

sibly due to spontaneous polymerization, would invalidate these re- ' 

suits. Therefore, before any final conclusions are drawn the purity 

of the NVP preparation must be confirmed.

The slope of the inhibition curve may reflect the heterogeneity 

of the clonal response following an injection of PVP. If, as in the 

case of most antigens, PVP immunization results in the activation of 

numerous related clones of immunocompetent B cells expressing slightly 

different specificities, the affinities of the antibodies produced by 

these differing clones should vary. If this is the case, regardless 

of the absolute antibody affinity expressed, the proportion of the 

total population of potential PFC which react in a similar manner to 

inhibitor is related to the diversity of the clones of immunocompetent • 

B cells responding to antigen. For example, inhibition of all PFC at 

a single inhibitor concentration indicates the production of antibody 

with identical affinities and suggests that all PFC were derived from, 

a single clone of responding B cells. Conversely, if the population of 

PFC is inhibited to varying degrees over a wide range of inhibitor con

centrations, the PFC were producing antibody of different affinities 

and were probably derived from many different clones of responding B 

cells. The results of experiments with PVP (Figure 3) demonstrate that
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-2about 50% of PFC were inhibited at I X 10 yg/ml- PVP and the rest

_2were inhibited by 5 X 10 yg/ml PVP. Taken together, the results 

(Figure 3, Table 4) and the previous assumptions indicate that immuni- 

'zation of mice with PVP results in a restricted clonal■response with 

the production of a fairly homogeneous population of IgM antibody with 

high avidity.and affinity.

A previous report based on artifically thymus-deprived mice (11) 

indicated that the immune response to PVP is thymus-independent. How

ever, there is some controversy about the validity of the concept of a 

thymus-independent immune response if the concept is based on data ob

tained from neonatally thyme'ctomized, irradiated and reconstituted 

animals (70). Functional thymus-derived cells may be seeded out from 

the thymus before its removal at birth, thymus-derived cells can sur- 

irradiation, and bone marrow preparations used in reconstitution may

contain thymus-derived cells (71). Alleged thymus-independent antigens
.. .1 may, therefore, merely require fewer thymus-derived cells to produce

an immune response. Alternatively, these antigens may be able to evoke 

an immune response by some mechanism which does not'require the partic

ipation of thymus-derived cells. To investigate the thymus dependence 

of the immune response to PVP, the magnitude of the PVP-specific re

sponse was determined in congenitally thymus-deficient, (nude) mice which 

Iac^ functional thymus-derived cells (62). Nude mice responded ,vigor

ously to PVP and if the mice were healthy, the responses were not
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significantly lower than PVP-specific PFC responses in normal control • 

mice. From these results', I conclude .that functional thymus-derived 

cells are not an absolute requirement in the immune response of mice 

to PVP. This conclusion does not exclude the possibility that thymus- 

derived cells are not an absolute requirement in the immune response 

of mice to PVP. This conclusion does not exclude the possibility that 

thymus-derived cells might regulate the immune response to this anti

gen (16,17,36,37,63).

Recently, evidence has been presented indicating that the mag-
i

nitudeof immune responses to some T-independerit antigens is regulated

in both a negative (16,17,28,36,37,63) and a positive (28) manner by

populations of T cells. In the present stqdy treatment of PVP-

immunized mice with several preparations of ALS-or ATS, agents which

deplete T cells, resulted in markedly enhanced PVP-specific PFC re- 
V . . 1

sponses compared to non-treated normal control mice (Tables 9-13,15,

16,26). The ALS or ATS-induced increase in the PFC response was appar

ent when the data were expressed as PFC/spleen or as PFC/10^- spleen 

cells indicating the increase is not merely the result of ALS-induced 

splenomegaly. Enhancement of the PFC response to PVP could be demon

strated under conditions in which the PFC response to BE, ^ T-. 

dependent antigen, was suppressed. In doubly immunized mice, treatment 

with ALS caused a significant increase in the response to PVP and a 

significant decrease in the response to BE (Table 11). In the case of
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erythrocyte antigens, such suppression has been attributed to an ex

tensive depletion of circulating T cells as well as to cells located 

in the thymus-dependent areas of lymphoid tissues (60).

It was possible that ATS or ALS, while impairing the thymus- 

dependent response to BE by inactivation of helper T cells, could en

hance the response to PVP, in which there is no absolute requirement 

for thymus-derived cells (Table 6) , by removing a population of sup

pressor cells or by a direct stimulatory effect upon B cells. To 

distinguish between these possibilities the effect of treatment with 

ATS on the magnitude of the PFC response to PVP was assessed in both 

nude and normal thymus bearing control mice. The results (Table 12) 

showed that ATS treatment induced an 8-fold enhancement in the PVP- 

specific PFC response of normal mice but did not increase the PFC re

sponse in nude mice. These data suggest that (a) thymus-derived 

lymphocytes are required to obtain ATS-induced enhancement, and (b) 

enhancement is not the result of a stimulatory effect of ATS upon B 

cells.

These results1 are' consistent with the hypothesis tha,t depletion
i

of T cells by ATS treatment removes a population of thymus-derived
' icells which normally exerts a negative influence on the magnitude of 

immune response to PVP. However, enhancement is probably not due 

solely to the removal or inactivation of suppressor T cells but also 

depends upon the activity of a population of T cells (amplifier ?
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cells) which act to increase the magnitude of the immune response to 

PVP dr SSS-III when'suppressor T cells have been depleted. It should 

be noted that the proposed regulatory T cells act in either a positive 

or negative manner to regulate the magnitude of the antibody response 

to'PVP. . The immune response to this antigen, however, can be initi- • 

ated without the need for helper T cell cooperation.

The evidence to support the existence of amplifier T cells comes 

from several experiments. First, Baker et al. (22) have shown that 

ALS-induced enhancement of the SSS-III response may be abrogated by 

the infusion of syngeneic thymocytes or further enhanced by infusion 

of peripheral blood lymphocytes, a population reported to contain 

60-90% T cells (72,73). The further enhancement was thought to be due 

to the addition of increased numbers .of amplifier T cells. Second, 

if ATS-induced enhancement were due solely to the removal or inactiva

tion of suppressor T cells,. it would be expected that the magnitude of 

antibody response to PVP or SSS-III would be much greater in nude mice 

than that produced by normal mice and similar to the response of nor

mal mice treated with ATS, In actuality, the magnitude of the PFC 

responses to PVP and SSS-III in nude mice are approximately the same 

as in normal untreated mice. Nude mice which lack functional thymus- 

derived cells must necessarily lack not only a population of cells that 

exerts a negative influence on the magnitude of the immune response but 

also a.population which can increase the magnitude of the -antibody
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response to PVP and SSS-III. Thus, because nude mice lack both types 

of regulatory cells, their response to PVP or SSS-III is approximately 

equivalent to the response produced by normal mice and their response 

is not increased by treatment with ATS or ALS (Table 6,12). Third, 

nude mice grafted 8 weeks previously with neonatal BALB/c thymus 

glands and given an optimally immunogenic dose of PVP had PVP-specific 

PFC responses which were 7-fpld higher than the responses of similarly 

treated normal or nude mice (Table 15). Based on these results and 

the results of other experiments to be discussed below, I have pro

posed that there is a differential repair of thymus function in nude 

mice implanted with thymus glands. The activities of helper T cells 

and T cells amplifying the response to PVP appear to be nearly normal 

while the activity of cells which would normally exert a negative in

fluence on the magnitude of the PVP response is greatly diminished. 

Fourth, preliminary experiments have shown (Table 21) that mice 

■ treated with Con A, a T cell mitogen, and immunized with PVP on the 

same day had 8.6-fold fewer PFC than did non-Con A treated controls 

whereas mice treated with Con A 2 days following immunication had 

4.8-fold higher PFC values than untreated controls. One explanation 

of these results could be that Con A nonspecifically activates sup

pressor and amplifier T cells; the activity of suppressor T cells may 

dominate earlier during the course of the immune response while
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amplifier T cell activity predominates during the later stages.of the 

immune response.

The results Obtained in the present study of the effect of ALS- 

or ATS treatment on the magnitude of the immune response of nude and 

normal mice to PVP are similar, to extensive studies reported by Baker 

and colleagues concerning the regulation of immune responses to SSS- 

III. In fact, using preparations of.ALS and SSS-III supplied by 

Baker, an experiment was performed to directly compare the ALS-induced 

enhancement of the magnitude of the antibody response to PVP and SSS- 

III. The results (Table 10) showed that ALS treatment of doubly im

munized mice induced an 18-fold enhancement in the magnitude of the 

PFC response to PVP and a 14-fold enhancement in the magnitude of the 

PFC response to SSS-III when compared to mice which were given only 

PVP and SSS-III. Except for two instances which will be discussed 

below, the regulation of immune responses to PVP and SSS-III appear to 

be similar in respect to all criteria presently tested. The results 

presented here appear to be entirely consistent with the regulatory 

model proposed by Baker (28) in which two functionally distinct types 

of thymus-derived cells, suppressor and amplifier cells, act in an 

opposing manner to regulate the magnitude of the antibody response to 

SSS-III by B cells.

Thymus-derived T cells may be divisible into 2 broad categories 

based on homing patterns, life span and functional properties (60).
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One class, T-I cells, are relatively immature, short-lived cells that 

do not recirculate but migrate preferentially to the spleen. These 

cells have abundant theta antigen and are relatively insensitive to 

small doses of ALS but are rapidly depleted 2 to 3 weeks■following 

adult thymectomy. A second subpopulation of T cells fT-2) is func- • 

tionally long-lived in the- absence of the- thymus, recirculates from 

blood to lymph, and is found in highest concentrations in lymph nodes, 

thoracic duct arid blood. T-2 cells have less theta antigen, are more 

mature, and are depleted following ALS treatment. These pells appear 

to mediate helper T cell functions, proliferate, in response to allo- 

antigens in mixed lymphocyte cultures, agd serve as precursors of 

cytotoxic cells upon the proper stimulation (60). The function of T-I 

cells, on the other hand, is less clear. They appear to proliferate 

in the mixed lymphocyte culture but to a lesser degree than T-2 cells 

and they cooperate in a positive manner with T-2 cells in the develop

ment of cytotoxic lymphocyte responses. Also-, it is becoming increas

ingly apparent that T-I cells may play an important role in regulating 

the magnitude of humoral antibody responses and pell-mediated immune 

responses (27,60).

If T-I cells act to suppress antibody responses to T-independent 

antigens then following adult thymectomy and depletion of T-I cells, 

the magnitude of the antibody response to these antigens should be 

elevated. Indeed, adult thymectomized mice develop enhanced antibody
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responses to PVP (Table 13; 36,37) but surprisingly, this treatment 

did not result in increased responses to SSS-III (47). Morse et al. 

have proposed that both amplifier and suppressor T cells regulating 

the response to SSS-III1, once seeded to the periphery, are stable and 

do not depend upon the presence of an intact thymus for the expression 

or renewal of their activity (47). Not only does adult thymectomy 

lead to enhanced PVP responses but treatment of adult thymectomized 

mice with ATS resulted in further enhancement of the PFC response to 

PVP (Table 13) suggesting that at least a portion of the suppressor 

T cell activity resides in long-lived T cells. In view of these re

sults, it must also, be assumed that amplifier T cell activity is medi

ated by long-lived T cells.

Implantation of nude mice with thymus glands imparts thymus- 

dependent immune functions to these mice. They respond to T-dependent 

antigens and T cell specific mitogens in a nearly normal manner, re

ject allografts, and live an apparently normal lifespan (62). In re

lation to the regulation of the antibody response to PVP, implantation 

of thymus glands should also restore the ability of nude mice to pro

duce enhanced response to PVP following ATS treatment. However, when 

this experiment was performed it was found that gland grafted nude

mice (nude-TG) had PVP-specific PFC responses 7-fold higher than either
\

normal BALB/c or normal nude mice (Table 15). ATS treatment of nude-TG 

did result in further enhancement of the PFC response to PVP.
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Elevated PVP responses could be demonstrated in nude-TG mice which had 

nearly normal helper T cell function as assessed by the antibody re

sponse to BE, a T-dependent antigen. Furthermore, nude-TG mice which 

had been doubly immunized with PVP and SSS-III had elevated PVP- 

specific PFC responses but the SSS-III-specific PFC response did not 

differ from responses observed in BALB/c or normal nude mice (Table 

17). Treatment of nude-TG mice with thymosin for 3 weeks prior to PVP 

immunization resulted in abrogation of the enhanced PVP responses 

demonstrated by these.mice (Table 18). These results can be explained 

by proposing a differential repair of thymus function in nude mice 

implanted with thymus glands. The activities of helper T cells and 

T cells amplifying the response to PVP appear to be nearly normal 

while the activity of cells which would normally exert a negative in

fluence on the magnitude of the PVP response is less than normal.

The fact that nude-TG mice and adult thymectomized mice produce 

enhanced responses to PVP but not to SSS-III suggests that suppressive 

activity of T-I thymus-derived cells is missing or depleted in nude 

mice implanted with neonatal BALB/c thymus glands. The ability of 

thymosin (Table 18) to restore normal levels of PVP-specific PFC to 

nude-TG also suggests that the activity of T-I cells is diminished in 

thymus gland grafted nude mice. In support of this idea, administra

tion of a circulating thymic factor isolated from normal pig blood 

prevented the development of the exaggerated production of anti-PVP
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antibody in NZB mice (63) in which there had been a loss of suppressor 

T cell activity. The thymic factor was thought to prevent the loss 

of T-I suppressor cells since the maintenance of these cell's appears 

to be dependent upon thymic humoral function.

. Asherson et al . (64) have shown that adult thymectomy prevents 

the appearance of suppressor T cells in the spleens of mice injected 

with picryl sulfonic acid. The injection of calf thymosin fraction 

5 reversed the effect of thymectomy allowing the development of spe

cific suppressor T cells. Finally, antibody responses to PVF increase 

as mice age presumably due to the loss of'suppressor T cell.activity ' 

(37) . T-I cells also appear to be depleted with advancing age (60) . 

Thus, the data presented here considered in light of other results 

strongly suggest that antibody responses to PVP are at least in part 

regulated by a population of T cells possessing many characteristics 

usually ascribed to T-I cells. These cells appear to be depleted in 

adult thymectomized mice,, old mice, and fail to develop in nude mice 

implanted with thymus glands. ATS treatment which is effective in

inducing enhanced antibody responses to PVP probably causes a.deple^
• ' \ . ' 

tion of suppressor T cells found in T-I and T-2 populations but does

not. adversely affect, amplifier T cell activity. According, to. Baker

(28) the differential effect of ATS on suppressor and amplifier T

cells may be due to differing tissue distributions and access to ATS,
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minimal numbers required to produce an effect, or the density or type 

of surface antigens present.

During the course of these studies it was useful to determine if 

PVP, a T-independent antigen, would induce secondary immune responses.

A previous report (55) indicated that mice primed with various doses 

of PVP and subsequently challenged 64 days later with an immunogenic 

dose of PVP produced specific antibody at about the same level as un

primed immunized mice. In contrast, a single injection of a margin

ally, weakly, , or optimally immunogenic dose of SSS-III produced a 

state of transient unresponsiveness which persisted for several weeks 

or months depending upon the dose of SSS-III used for priming (28,41). ■ 

Other T-independent antigens such as Vi antigen (14), levan (15), and 

native protoplasmic polysaccharide (74) are unable to induce secondary 

immune responses but rather, following a second injection of antigen, 

induce a response equivalent to a normal primary response. Escherichia 

coli lipopolysaccharide, however, induces a heightened IgM antibody 

response (75).

Therefore, upon an initial priming and subsequent secondary 

challenge dose of T-independent antigen, there appear to be 3 possible 

results depending upon the particular antigen studied. Priming fol

lowed by a second, optimally immunogenic dose of antigen may result in 

(a) a partial to complete state of specific unrespbnsiveness, (b) a
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Initial experiments using PVP indicated that a primary immuniza

tion followed 2 weeks later by a secondary immunization resulted in 

82% fewer PPC than in mice given only a single injection of PVP 

(Table 22). ■ This result was surprising in light of the previous re

port by Andersson (55) indicating the prior immunization with PVP did 

not affect the level of serum antibody produced following a second in

jection of antigen. More detailed investigation, however, revealed 

that the magnitude of the secondary PFC response depended upon the 

quantity of the priming dose (Figure 7) and more importantly on the 

duration of the interval between priming and secondary immunization 

(Figure 8).

The degree of paralysis observed following a second injection of

PVP was found to be priming dose dependent over the lower range 
“ 5 “2(2.5 X 10 to 2.5 X 10 yg) of priming doses tested (Figure 7). 

Maximum paralysis was observed with a priming dose of 0.025 yg, a dose 

which is only weakly immunogenic. However, when the priming dose was 

increased above 0.025 yg, the degree of unresponsiveness remained at 

approximately the same level. Thus, prior treatment with subimmuno- 

genic, weakly immunogenic, or optimally immunogenic doses of PVP re

sulted in the development of a state of immunologic paralysis to a 

subsequent optimal dose of PVP.

response equivalent in antibody class and magnitude to a normal pri

mary response, or (c) a heightened IgM antibody response.
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The time interval between priming and secondary challenge deter

mined to a large extent the degree of responsiveness observed follow- ■ 

ing the second administration of antigen (Figure 8). After a priming 

dose of 0.025 yg of PVP, the unresponsive state was detectable I to 2 

days following priming and persisted for at.least 20 days. Thirty 

days following priming, the magnitude of the PVP-spbcific PFC response 

after a second, optimally immunogenic dose of PVP was equivalent to a ■ 

normal primary response and 60 days after priming the PFC response was 

found to be 2.2-fold higher than the primary response. These data sug

gest that PVP priming does induce a memory response but this memory 

can only be expressed 30 or more days following priming. The present 

results are consistent with a previous report (55) which indicated that 

prior immunization with PVP did not affect the serum antibody level 

following a second injection of PVP 64 days later.

Furthermore, the unresponsive state was shown (Tables 23 and 24) 

to be antigen specific because PVP priming did not affect the magnitude 

of the PFC response to BE, a T-dependent antigen, or to SSS-III, a T- 

independent antigen.

These results have shown that prior administration of low doses 

of PVP resulted in the development of a state of transient, antigen- 

specific immunologic paralysis. ' The phenomenon appears to be similar 

to the low-dose paralysis observed with SSS-III. Paralysis to both 

PVP and SSS-III is induced upon a single injection of a subimmunogenic
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weakly immunogenic, or optimally immunogenic dose of antigen. This 

characteristic differs from the low-dose paralysis obtained with some 

protein antigens in which several weekly or daily injections of bovine 

serum albumin (76,77) or bacterial flagellin (78,79) are needed for 

both the induction and maintenance of low-zone paralysis. Further

more, optimally immunogenic doses of bovine serum albumin (76,77) or 

flagellin (78,79) do not induce paralysis. Paralysis to PVP and SSS- 

III is demonstrable I to 2 days following priming and is antigen spe

cific. However, the paralysis to PVP appears to persist for a shorter 

period than paralysis to SSS-III and a heightened response to PVP is 

observed following release from paralysis. These results suggest 

that priming did result in the establishment of memory to PVP. In 

contrast, no evidence of memory to SSS-III could be detected 2-1/2, 6, 

or 8 months following priming with SSS-III (41) .

Because of the apparent similarities between the PVP and SSS-III 

systems, it was possible that the mechanisms of low-dose paralysis are 

similar. Following extensive investigations. Baker (28) has proposed 

that low-dose paralysis to SSS-III is a T-cell dependent phenomenon in 

which suppressor T cells, activated by low doses of antigen, exert a 

negative effect upon the magnitude of the antibody response1 to subse

quently administered antigen.

Experiments were performed in an.attempt to determine if suppres

sor T cells are involved in the induction and maintenance of .
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PVP-induced low-dose paralysis. ATS treatment of normal mice results 

in a depletion of T cells and leads to enhanced PFC responses to PVP.

If low-dose paralysis is mediated by suppressor T cells, ATS treatment, 

of PVP-primed mice should deplete suppressor T cells activated by 

prior injection of low doses of antigen and abrogate the unresponsive 

state. Indeed, PVP-primed mice which were treated with ATS had PFC 

responses which were almost 5 times those in PVP-primed mice and 

nearly equivalent to the responses of mice which received only a single 

optimally immunogenic dose of PVP. Superficially, these data appear 

to show that ATS treatment.removed a population of specifically acti

vated thymus-derived, ce^ls that was exerting a negative effect on the 

magnitude of the PFC response in PVP-primed mice. However, it is 

equally possible, and perhaps more likely, that ATS treatment merely 

removed any regulatory T cells, that could negatively affect the magni

tude of the antibody response of those cells which escaped paralysis. 

This could ac,count for the failure of ATS treatment to induce PFC re

sponses in PVP-primed mice to levels found in ATS-treated normal mice.

Adult thymectomized have increased PFC response to PVP (Table 13; 

37) presumably due to the depletion of short-lived suppressor T cells. 

Again, if suppressor T cells play a role in the induction of PVP- 

induced low-dose paralysis, the level of paralysis should be lower in 

adult thymectomized mice compared to normal mice. The results showed> 

however, that the induction of low-dose paralysis was more efficient
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in thymectomized mice since thymectomized, primed, and challenged mice 

had only 3.5% of the PFC response of thymectomized and challenged mice 

whereas PVP-primed normal mice had 15.7% of the PFC responses of nor

mal challenged mice (Table 27). These data appear to argue against 

the proposal that low-dose paralysis is mediated by suppressor T 

cells. However, it is possible that the suppressor T cells responsi

ble for the induction of low-dose paralysis are long-lived and were 

not yet depleted 8 weeks post thymectomy.

Nude mice, which have been reported to lack functional thymus- 

derived cells (62), should provide the ideal system to determine the 

role of suppressor T cells in the induction of low-dose paralysis. If. 

low-dose paralysis is dependent upon the activation of suppressor T 

cells, priming nude mice with a low dose of PVP should not cause a 

reduction in the magnitude of the PFC response following a subsequent 

optimally immunogenic dose of antigen. It was repeatedly found, how

ever, that PVP-primed nude mice consistently had about 50% of the 

magnitude of the PVP-specific PFC response of nude mice which had re-
iceived only a challenge immunization of PVP: In contrast, PVP-priming

of normal mice resulted in typical unresponsiveness (13.6% of control). 

These data show that low-dose paralysis can be induced in nude mice 

but in a less severe form than in normal thymus-bearing mice. A 

recent report (67) suggested that nude mice derived from heterozygous 

parents may contain some functional T cells acquired either across the
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placenta or through the colostrum. The results presented here using 

nude mice derived from heterozygous parents are equivocal; definitive 

results must await the availability of nude mice derived from nu/nu 

parents. Attempts are presently being made in this laboratory to 

raise such animals.

Using another approach it was possible to determine if the im

plantation of thymus glands in nude mice would affect the ability to 

induce low-dose paralysis. Interestingly, restoration of thymus 

function in nude mice by thymus gland grafting resulted in an enhanced 

degree of paralysis compared to similarly treated normal nude mice. 

These data suggest that thymus function at least contributes to the 

development of PVP-induced low-dose paralysis. The results of this 

experiment, however, do not directly implicate suppressor T cells in 

this phenomenon.

The most definitive proof of suppressor T cell activity is the 

ability to adoptively transfer suppression. Various protocols were 

tested in an effort to transfer suppression from PVP-primed mice to 

normal recipients. The results of such experiments (Tables 30-33) 

were generally not conclusive. There did, however, appear to be an 

indication that injection of spleen cells.from PVP-primed mice could 

suppress the PFC response of normal mice to an optimally immunogenic

dose of PVP.
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Collectively the results of experiments designed to determine 

’ the role of suppressor T cells in the induction of low-dose paralysis 

to PVP were difficult to interpret making it impossible to directly 

determine the mechanism of low-dose paralysis. However,, due to the 

• conflicting results, mechanisms other than suppressor T Cells should . 

be considered. . It is not likely that paralysis, is due to clonal dele- .- 

tion because a second injection of PVP if given long enough after the 

first.injection does induce heightened PFC responses suggesting the 

presence of antigen-specific memory cells. .Also> paralysis does not 

appear to be the result of clonal exhaustion since marginally immuno

genic doses of PVP are as effective as optimally immunogenic doses in 

inducing low-dose paralysis. Paralysis could be due to antibody medi

ated feedback inhibition. Unresponsiveness does not develop for at 

least I or 2 days'following priming; this lag could.be the time needed 

) to produce small amount’s of specific antibody. Another appealing 

possibility is that the introduction of low doses of PVP expands the 

number of B- cells which have cell surface antibody with PVP specifi

cally possessing a unique idiotype. Suppressor T cells might recog

nize the increased levels of unique idiotype, or,.alternatively, anti-
, • ' . . • • * ■ 

idiotype antibody may be produced which directly inhibits the appro

priate B cell clones or causes the induction of specific suppressor 

T cells (31). The recognition unit, may consist of antigen-cell sur

face antibody complexes. .Such complexes may be partially



thymus-dependent due to the nature of the components, i.e., protein- 

PVP. This could explain the induction of only partial'paralysis in 

nude mice and the markedly increased efficiency of low-dose paralysis 

in thymus gland grafted nude mice.

Whatever the mechanism of low-dose paralysis, it is obvious that 

many of the results presented in this study concerning the regulation 

of immune'responses.to PVP are strikingly similar to results, presented 

dealing with SSS-III (28) but not other ^independent antigens (8).

It is interesting to Speculate that the regulation of antibody re

sponses to PVP and. SSS-III is similar because both antigens induce 

restricted clonal responses with the production of a fairly homogene

ous IgM antibody of at least.high avidity and possibly high affinity. 

Both antigens induce appreciable amounts of antibody over a relatively 

narrow range of doses while other T-indepehdent antigens have, broad 

dose response curves. I believe that the restricted clonal response 

and the narrow dose response, characteristics of these two antigens are 

important in the ability to visualize regulatory effects. It thus ap
pears that the antibody responses to PVP and SSS-III are very respon-.' 

sive to changes within the immune system and therefore, these antigens 

provide useful tools to p'rtibe mechanisms which regulate. immune 

responses.
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