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ABSTRACT

This work was designed to investigate the correlation between 

immunologic activity and cellular metabolism of peritoneal exudate 

cells from normal guinea pigs and from guinea pigs sensitized to Lis

teria monocytogenes. Selected immunologic and metabolic parameters in 

cells from nonvirus-infected and Newcastle disease virus-infected guinea 

pigs will also be comparede

Studies showed that skin test responses in guinea pigs sensi

tized to Listeria monocytogenes were well correlated with the macro

phage migration inhibition test using peritoneal exudate cells from 

these animals* These assays of delayed hypersensitivity indicated that 

the guinea pigs attained maximum sensitivity 12 days after inoculation 

with viable Listeria..

Studies comparing oxygen uptake rates and immunologic state of 

the peritoneal exudate cells were inconclusive; the techniques em

ployed in measuring oxygen utilization lacked sufficient reproducibil

ity to merit further use.

Studies of the rates of oxidation of ^C-l-glucose to by

peritoneal exudate cells from sensitized and normal guinea pigs showed 

significant correlation exists between immunologic activity and "^CO^ 

evolution. This proved to be the best means of correlating the meta

bolic activity of these cells to their immunologic state.



Viral studies using Newcastle disease virus-infected sensitized 

and normal cells revealed that marked alterations of both immunologic 

activity and cellular metabolism were induced by the virus. Possible 

reasons for these alterations and their relationship to the expression 

of energy of cell-mediated immunity are discussed.



INTRODUCTION

The immune system of higher vertebrates is divided into two 

functional componentse One component is responsible for the synthesis 

of immung1obulin molecules which circulate free in the plasma and is 

called humoral immunity. The other component is called cell-mediated 

immunity (CMI) and is composed of circulating effector cells which syn

thesize and release a wide range of lymphokines. The lymphokines are 

soluble molecules which act on target cells at a relatively short dis

tance from the effector lymphocyte. In vivo manifestations of CMI in

clude delayed hypersensitivity reactions, homograft rejection, graft 

versus host, reactions (GVHR), allergies of infection and immune sur

veillance (1).

Each component of immunity may be expressed in vivo and in 

vitro and each can be monitored by a variety of immunological and phys

iological assays.

In vivo expression of CMI is extremely complex; it is difficult 

to separate all of the biophysical reactions which make up the immune 

response. In an effort to study CMI more closely, in vitro correlates 

have become necessary. The principle in vitro correlates of CMI which 

are now commonly accepted include: lymphocyte transformation, the

blastogenic response of lymphocytes to antigen or mitogen; cell- 

mediated cytotoxicity (CMC), the lytic destruction of target cells by

1



activated T lymphocytes; and macrophage migration inhibition (MMl)5 the 

inhibition of migration by products of activated T lymphocytes.

Lymphocyte transformation is the result of either of two forms 

of stimulus to the lymphocyte. If immunologically committed lymphocytes 

are cultured in the presence of sensitizing antigen, approximately 1-30% 

of the small lymphocytes will transform to blast cells in six days (2). 

If a general mitogen such as phytohemagglutinin (PEA) or concanavalin A 

(Con A) is mixed into a suspension of normal lymphocytes, approximately 

70% of the cells will undergo blast transformation by the third day of 

culture (3,4). The lymphocyte response to these stimuli can be quanti

tated by enumeration of the number of blast cells in the cultures or by
3measuring the incorporation of H-Thymidine into DNA. PHA-induced lym

phocyte transformation has become accepted as a means of investigating 

the cell-mediated immunological activity of lymphocyte populations.

Cell-mediated cytotoxicity has been shown to be directed by T 

lymphocytes without requirement for B cells or macrophages, and to be a 

specific immunological response to antigens found on the surface of tar

get cells (5,6). The CMC proceeds via the release of lymphotoxin, a 

nonspecific cell toxin which is a protein molecule of 80,000 daltons, 

from stimulated lymphocytes. The release of lymphotoxin is independent 

of DNA replication but requires intact RNA and protein synthesis path

ways (7,8). Target cell lysis is initiated through concentration- 

dependent binding of the lymphotoxin to target cell membranes (9).

Kenney (10) reported that intraction between effector cells and target 

. cells follows one-hit kinetics. This observation permitted development
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of a quantitative assay of,CMC based upon the maximum number of target 

cells lysed by a constant number of effector cells (10).

Macrophage migration inhibition has become widely accepted as 

one of the in vitro correlates of CMI. Sensitized lymphocytes, upon 

secondary antigenic exposure, release biologically active molecules in

cluding macrophage migration inhibition factor (MIF) (ll)e This factor 

inhibits the migration of normal macrophages, and in vitro measurements 

of this inhibition have been correlated to delayed hypersensitivity in 

vivo (12,13)0 MMI was first observed in 1928 by Rich and Lewis (14), 

using cells from tuberculin-sensitized animals. These authors hypothe

sized that in vitro inhibition of leukocyte migration was due to cellu

lar damage brought about by combination of tuberculin with membrane- 

bound antibodies on the sensitized cells. These antibodies were 

supposedly absent from normal cells.

Not until 1962 did MMI become a versatile tool in the study of 

CMI; it was at that time that George and Vaughan (12) placed spleen 

cell suspensions into capillary tubes and measured the migration of 

these cells out into the surrounding medium. Two years later David et 

al. (13) demonstrated the antigenic specificity of the MMI assay using 

sensitized to PPD, ovalbumin and diptheria toxoid, and in 1966 Bloom 

and Bennett (15) showed that the lymphocytes were responsible for the 

effector molecule (MTF) and the macrophages were only indicator cells.

Physiochemically, MIF is synthesized de novo upon stimulation 

of lymphocytes (ll), and the MIF produced in response to mitogen is 

similar to that resulting from antigenic stimulation with respect to



buoyant density, neuraminidase, and chymotrypsin sensitivity, and be

havior in polyacrylamide gel electrophoresis (16), The expression of 

MIF activity is sensitive to drugs such as cyc1ohexamide, puromycin, 

and others, which enable macrophages to partially escape MIF inhibi

tion; cationic environment is equally important since macrophage mi

gration is increased and MIF activity is abolished in the absence of 

calcium and magnesium ions (17). Furthermore, MIF acts independently 

of antigen once released from the lymphocyte (18).

The MIF assay has been modified from the capillary.tube method 

of George and Vaughan (12) to current methods based upon the migration 

of cells out of agarose. Clausen (19) made early use of agarose for 

the measurement of MMI in 1971 when he suggested allowing cells to mi

grate out of wells cut in agarose gel. Using this method, the in vitro 

activity of leukocytes seemed well correlated to delayed hypersensitiv

ity as reported by Astor (in 20) in his survey of four antigens in skin 

tests and MMI assays.

The latest modification of the MIF assay was made by Harrington 

and Stastny (21), who prepared a 25% cell suspension in 0.2% agarose in 

tissue culture medium, and allowed migration of cells out of 2 ul drop

lets of this gel into surrounding liquid medium. This method, and the 

subsequent alteration by Harrington (22) permitted a microassay of MMI 

which is mechanically rapid and accurate.

Amoung the recent applications of the MMI assay are: investi

gation of tumor immunity in man and guinea pigs (23,24), studies of 

lymphocyte responsiveness in human disease (25) and investigation of 

viral-induced depression of CMI (26).



The measurement of cellular metabolism^ in particular as it ap

plies to delayed hypersensitivity5 can aid in our understanding of the

events which lead to immunity„ In the lymphocyte transformation assay,
3measurement of H-Thymidine incorporation during de novo DNA synthesis 

permits accurate estimates of cell-mediated immunological activity.

There are several other approaches.to measurement of cellular metabolism 

which are available, including enzyme assays, oxidative respiratory 

rates, and glucose utilization via the hexose monophosphate shunt.

Enzyme assays are essential in the development of our under

standing of the physiological activity of cells. Assays have been used 

to study the enzymatic activity of human and rat leukocytes during pha

gocytosis (27,28), the role of peroxide in phagocytosis by guinea pig 

leukocytes (29), and the nature of the white blood cell abnormalities in 

patients with chronic granulomatous disease (30,31), acute lymphocytic 

leukemia (32), and granulocytic disease of childhood (33). Investiga

tions of the enzyme content and activity in monocytes and macrophages 

have shown an accumulation of phase dense granules and hydrolytic en

zymes (34,35), increased intracellular concentrations of lipid peroxi

dase enzymes (36), and increased numbers of organelles such as mito

chondria and lysosomes (37).

The aerobic oxidation of NADH is accompanied by the generation 

of energy as ATP. This reaction occurs via the stepwise transport of

electrons through the cytochrome system found in the mitochondria of

eucaryotic cells (38). Upon challenge with soluble bacterial products 

or structural antigens, activated macrophages utilize oxygen at an



enhanced rate (39). This increase in aerobic respiration has been 

linked to the increase in number and size of mitochondria in these 

cells (34) and may be the direct result of an increase in oxidative 

phosphorylation and RNA and protein synthesis occurring in activated 

macrophages during phagocytosis (40-42). The phagocytosis of large 

particulate matter by macrophages seems to be less dependent upon oxi

dative phosphorylation and is blocked by inhibitors of glycolysis (42, 

43). It has been suggested that this decrease in dependence on aerobic 

respiration may be due to quantitative differences between membrane 

turnover rates.during phagocytosis and pinocytosis (44). Oxygen uptake 

by neutrophils has been extensively investigated in many animal species 

and the associations between phagocytosis and oxygen uptake are similar 

to those found in mononuclear phagocytes (27,41). It seems, however, 

that granulocytes do not employ oxidative phosphorylation as an ATP 

source during phagocytosis, deriving all energy from glycolysis and the 

hexose monophosphate shunt (45).

The function of the hexose monophosphate shunt in supplying 

energy is not completely understood, but it has been reported that in 

neutrophils (cells for which the biochemical pathways are best under

stood) the shunt is activated by peroxide which is formed during phago

cytosis (29). The peroxide serves to enhance myeolperoxidase-mediated 

bactericidal activity in the neutrophil (46), but excess amounts of 

peroxide can be toxic to the leukocyte. The NADPH supplied by the hex

ose monophosphate shunt acts to prevent any harmful buildup of peroxide 

through a glutathione-mediated peroxide reduction pathway (29,47,48).



Data concerning the enzymes responsible for hexose monophos

phate shunt activation in macrophages are not yet complete9 but many 

components of enzyme systems known to exist in neutrophils have been 

found in macrophages as welle In macrophages, phagocytosis of bacteria 

is accompanied by a rapid increase in glucose oxidation through the 

shunt and by the generation of hydrogen peroxide for bacterial killing 

(39,49)0 The increase in macrophage hexose monophosphate shunt activ

ity, as measured by evolution of increased quantities of derived

from ^C-l-glucose is well documented (41-43,50-53)e This increase is 

generally higher in activated cells than in normal macrophages, indi

cating a connection between cellular metabolism and the immunologic 

state of the macrophage (42,53,54).

It has been demonstrated that the normal functions of the im

mune system can be altered by viral infection (55). These alterations 

(the mechanisms of which are not always understood) can be in the form 

of immunological enhancement or. immunological suppression and can af

fect either the humoral or the cell-mediated component of the immune 

system, sys

Virus infections have been shown to depress the humoral re

sponse to various antigens in rats and mice. Antisheep red blood cell 

(SRBC) responses are suppressed by: FriendT s disease virus (56-58),

Rauscher leukemia virus (59), lymphocytic choriomeningitis virus (60), 

and Maloney virus (61). Adoptive transfer of sensitivity to SRBC is 

depressed when donors are infected with Friend's disease virus (62). 

Immunity to keyhold limpet hemocyanin in mice is depressed by lactic



dehydrogenase virus (LDV) (63), and leukemogenic virus infection.of 

mice leads to depressed immunoglobulin response to multichain synthetic 

polypeptides (64).

Enhancement of the humoral response in mice has been observed 

in many viral infections. Lactic dehydrogenase virus infection has 

been shown to convert a tolerogenic dose of human gamma globulin (EGG) 

into an immunizing dose, acting in this case as an adjuvant for the EGG 

in infected mice (63,65-66). Similar enhancement of a mouse anti-EGG 

response was seen during infections of mice with Venezuelan equine en

cephalitis virus; such enhancement was seen when mice were infected 

with the attenuated virus up to 11 days prior to immunization (67).

The Venezuelan equine encephalitis virus infection was not active in 

prolonging skin allograft survival.

Viral-induced alteration of CMI has also been reported in many 

systems. While skin testing children who had measles, von Pirquet (68) 

noticed the virus produced an unresponsiveness in those children who 

had shown positive tuberculin reactions prior to viral infection. This 

anergy was confirmed in 1919 by Bloomfield and Mateer (69), who demon

strated that children suffering from epidemic flu became anergic to tu

berculin skin tests. These authors showed that the anergy was only 

transient in most cases. More recently, it was reported that attenuated 

measles vaccine can produce a transient anergy in tuberculin skin tests 

in children (70). Other in vivo manifestations of viral-induced alter

ation of CMI include the prolongation of allograft survival (71-75) and 

the inhibition of GVER in mice infected with various viruses (72,75).
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Alterations of the in vitro correlates of CMI include changes 

in PEA responsiveness and MIF activity6 PHA-induced lymphocyte trans

formation is affected by viruses in various ways. Lymphocytes from 

babies with congenital rubella have been shown to be unresponsive to 

PEA (76), Lymphocytes from normal adults, when infected with rubella 

virus in vitro showed decreased PHA responses (77) and experimental in

fection of normal adult volunteers with this virus led to anergy of es

tablished skin tests and decreased in vitro PHA responses (78), In 

vitro infection of normal adult cells has led to decreased PHA respon

siveness in infections with Rauscher leukemia virus (79)„ Newcastle 

disease virus (80), mengo virus (81), herpes, vaccinia, myxo and para

myxoviruses (82) and polio virus (83). Enhancement of the PHA response 

was reported when mouse cells were infected in vitro with LDV, adeno

virus, or polyoma virus (82),

Cells from tuberculin-sensitized mice infected in vivo with

FriendT s disease virus, when compared to cells from virus-free animals,

display altered reactivity in the MMI test, thus suggesting an estab

lished state of viral-induced anergy (26), Macrophages from these 

virus-infected sensitized animals were able to respond normally to MIF, 

but lymphocytes from those mice failed to demonstrate synthesis of the 

MIF in response to antigen in culture. Similarly, it has been shown 

that when peritoneal exudate cells from tuberculin-sensitized mice were 

infected with LDV, sendai virus or mengo virus, these cells became 

anergic when tested by the MMI assay (84).
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In an effort to investigate the correlation between immunologi

cal activity and cellular metabolism in peritoneal exudate cells, stud

ies will be performed using Listeria-sensitized guinea pigs* The

animals will be skin tested, and peritoneal exudate cells will be as-
14sayed for MMI activity, oxygen utilization, and CO^ release during 

catabolism of ^C-l-glucosea



MATERIALS AND METHODS

Animals

Outbred Amana guinea pigs of either sex were obtained from the 

Department of Microbiology and Medical Technology. Only- those animals 

weighing 400-600 g were selected for use. All guinea pigs were housed 

in metal cages; those animals which were sensitized with live Listeria 

were housed in a positive pressure isolation chamber while nonsensi

tized animals were housed in a controlled environment. All animals 

were fed Purina guinea pig chow (Ralston Purina Company, Checkerboard 

Square, St. Louis, Missouri) and tap water, ad libitum. Each guinea 

pig received approximately 50 g of fresh cabbage every third day.

Reagents

Listeria monocytogenes? ISC30556

A lyophilized culture of Listeria monocytogenes, strain ISC 

30556, was obtained from the Department of Microbiology and Medical 

Technology and grown at 37 C in trypticase soy broth. A trypticase soy 

agar slant was kept at 4 C and used as the source of bacteria for inoc

ulation of broth cultures (for sensitization) and fresh slants for con

tinued passage.

Listeria Antigen

A broth culture of W  monocytogenes ISC30556 was washed free of 

nutrients, formolized, pressed in a French press, lyophilized and then

11
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suspended to 10 mg/ml in sterile twice-distilled water» A working so

lution was prespred from the stock by dilution in either sterile saline 

or twice-distilled water to 500 pg/ml, followed by sonication for 30 

seconds to break up clumpsc

Sensitization of Animals

Outbred Amana guinea pigs were sensitized by a single intra-
6venous (IV) injection of approximately 10 viable Listeria organisms 

suspended in 0*1 ml Dulbeccofs phosphate buffered saline. The bacteri

al suspension was prepared from an 18-hour trypticase soy broth culture.

Skin tests were performed 24 hours prior to sacrifice. Each 

animal was tested with 10 pg and 50 pg of listeria antigen in volumes 

of 0.1 ml injected into opposite (shaved) sides of the animal. At the 

time of sacrifice, the reactions were recorded as two perpendicular 

measurements of the diameter of erythema, expressed, in millimeters.

Induction and Collection of 
Peritoneal Exudate Cells

Seventy-two hours prior to sacrifice of the guinea pig, the en

tire abdominal region and both sides of the animal were shaved and 20 

ml of sterile mineral oil was injected by a shallow intraperitoneal 

(IP) route. The injection site was cauterized to prevent leakage. Two 

days later the animal was skin tested, followed in 24 hours by exsan- 

guination and harvest of the peritoneal exudate (PE) cells. The cells 

were washed 3 times in Hanks! balanced salt solution (HESS), suspended 

in 15 ml HESS, and checked for viability and concentration.
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Following cell counting, the suspension was divided; 3 x 10^ 

cells were placed into each of 4 sterile tubes and these tubes were 

placed on ice for later use in the studies of PE cell metabolism. The 

remainder of the PE cell suspension was placed into a sterile 15 ml 

graduated centrifuge tube and centrifuged at 300 x g for 10 minutes.

The cell pellet was then used in the macrophage migration inhibition 

(MMI) assay.

Macrophage Migration Inhibition Assay

The MMI test was performed according to a slight modification 

of the method of Harrington and Stastny (21). Basically, the packed PE 

cell pellet was resuspended with an equal volume of single strength 

Minimum Essential Medium in Hanks' salts without NaHCO^ (ix MEM) (Grand 

Island Biological Company, Grand Island, N.Y.) containing 10% normal 

guinea pig serum (NGPS), heat-inactivated at 56 C for 30 minutes, 100 

lU/ml of penicillin and 100 yg/ml of streptomycin, 23.8 yg/ml of HEPES 

buffer (Calbiochem, Los Angeles, Calif.) and approximately 0.7 ml of 

1N_ NaOH/100 ml of medium (pH 7.2).

The resultant 50% cell suspension was then mixed with an equal 

volume of 0.4% Agarose in Ix MEM to yield 25% cells in 0.2% Agarose in 

Ix MEM. The cell suspension was then distributed in 1 yl droplets into 

the wells of a sterile plastic microtiter plate (Falcon Plastics Co., 

Oxnard, Calif.). The plate was incubated at 4 C for 5 minutes to 

solidify the droplets, then the wells were filled with 0.25 ml of MEM 

or MEM containing varying concentrations of listeria antigen. The 

plate was covered and incubated for 24 hours at 37 C in a humidified



atmosphere. The radial distance of migration was measured using an in

verted microscope equipped with an ocular grid. Total magnification 

was 6Ox.

On occasion the peritoneal exudate from an animal would yield 

less than 0.1 ml of packed cells. In these cases the above MMI assay 

was modified as proposed by Harrington (22). A cell count was made 

and for every 10^ cells, 2 pi of 0.2% Agarose in Ix MEM was added.

This suspension was then distributed in 1 pi droplets and handled as 

above.

Measurement of Oxygen 
Uptake by PE Cells

Tubes containing 3 x 10^ washed PE cells were centrifuged at

300 x g for 10 minutes and the supernatants were decanted. The pellets

were resuspended in either 2 ml of MEM or 2 ml of MEM containing lis

teria antigen at 10 ug/ml. The contents of each tube were then trans

ferred to separate respirometer flasks each containing a filter paper 

wick and 0.2 ml of 20% KOH in the center well. The flasks were then 

mounted onto the Gilson respirometer, allowed to equilibrate at 37 C 

and ©2 uptake was recorded in ul every 60 minutes for four hours.

Measurement of Hexose 
Monophosphate 
Shunt Activity

Tubes containing 3 x 10^ washed PE cells each were centrifuged

and the supernatants were decanted. The pellets were each resuspended

in either 2 ml of MEM or 2 ml of MEM containing listeria antigen at 10 

pg/ml. Gilson flasks were set up with a filter paper wick and 0.2 ml
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KOH in the center well of each. The side arm of each flask contained

0.5 ml of 57o trichloroacetic acid (TCA). The cell suspensions were

placed into the respirometer flasks, 0.2 îCi of ^C-l-glucose (specific

activity = 47.8 mCi/mMole) was added to each, and the flasks were

mounted onto the Gilson respirometer and equilibrated to 37 C. Control
14flasks were included which contained sterile MEM and C-l-glucose 

only. Oxygen consumption was recorded in p i . At various times of in

cubation, the reaction in selected flasks was terminated by tipping the 

57o TCA into the chamber and shaking for 30 additional minutes at room 

temperature. The filter paper was then removed from the center well 

and placed in a scintillation vial containing 10 ml scintillation fluid 

(1000 ml toluene, 600 ml ethylene glycol monomethyl ether, 8 g PPO,

0.48 g POPOP). The well was rinsed with a small volume of the scintil

lation fluid and the vial was placed into a Packard Tri-Carb Liquid
14Scintillation Counter for measurement of trapped CO^. Data thus ob

tained were expressed in counts per minute (CPM) corrected for back-
14ground counts and for uptake of C in control flasks.

Newcastle Disease Virus 
Infection and Assay

The effects of NDV infection on the immunological competency

and metabolic activity of PE cells were evaluated as follows. Guinea

pigs were sensitized to Listeria by IV injection of viable bacteria and

three days prior to sacrifice, were injected IP with sterile mineral

oil for the induction of PE cells. Twenty-four hours later, animals

which were to receive virus were injected IP with 1 ml of NDV suspension



containing 2.35 x 10 plaque forming units (PFU) per ml. Twenty-four 

hours later, the animals were skin tested. At the time of PE cell har

vest, a portion of the washed cells from each animal was resuspended to 

1 ml in MEM and frozen for subsequent virus assay. The MMI test and 

the assays of oxygen utilization and hexose monophosphate shunt activ

ity were carried out as described previously. As soon as the MMI tests

were set up, the remaining cells were pooled according to the treatment
9which had been given the animals. One x 10 cells from each of these 

pools were removed and suspended in 2 ml MEM and injected IP into a 

normal guinea pig. Each of these passive transfer recipients were skin 

tested two days later and the reactions were read following an addi

tional 24 and 48 hours.

Detection of NDV was carried out as follows. Chick embryo 

fibroblasts were grown on 60 mm plastic petri dishes (Falcon Plastics 

Co., Oxnard, Calif.) in medium TC199 supplemented with 10% fetal calf 

serum, 10% tryptose phosphate broth, 100 lU/ml of penicillin, 100 ̂ ig/ml 

of streptomycin, 2.5 pg/ml. of fungizone and 350 mg/liter of NaHCO^ and 

the pH was adjusted to 7.2 with 0.1 NaOH. The samples of frozen 

cells from the PE cell harvest were thawed and refrozen two times to 

release intracellular virus. After a final thawing, the cell fluids 

were diluted in MEM by a 10-fold geometric scheme. One-tenth ml of 

each of these dilutions was added in duplicate to fresh monolayers of 

the fibroblasts. The cultures were incubated at 39 C for one hour to 

allow attachment of the virus, after which 3 ml of overlay medium [1 

part 0.8% Agarose plus 1 part TC199 (2x) supplemented as described



above] was added to each plate. The cultures were then incubated at 

. 39 C to allow NDV-*induced cytopathic effects (CPE) to develop. The 

plates were observed at 2 and 4 days and the results were recorded as 

positive or negative. Selected fibroblast cultures which showed evi

dence of CPE were examined for viral hemagglutinin activity as follows. 

The overlay medium was removed to a tube and the cells adhering to the 

plastic dish were scraped into 2 ml HESS using a rubber policeman.

This suspension was added to the tube containing the overlay medium, 

freeze-thawed 3 times, centrifuged, and,the supernatant was checked for 

hemagglutinin activity against chicken red blood cells using the con

ventional tube hemagglutination method (85). The results of this as

say were expressed as positive or negative, based upon the presence of 

hemagglutination.



RESULTS

Data evaluating the relationship between skin test responses in 

vivo and macrophage migration inhibition (MMl) and oxygen utilization 

by PE cells in vitro are shown in Table 1. The optimum skin sensitivity 

was obtained 5 days after sensitization. Guinea pigs given the live 

Listeria showed from mild to strong cutaneous reactivity to listeria 

antigen, and PE cells from these animals displayed significantly de

pressed migration in the MMI test. These animals were thereby shown to 

exhibit sensitivity to Listeria by both in vivo and in vitro tests of 

CMI. Cells from one animal which was inoculated with the Listeria but 

was not skin tested displayed insignificant depression of macrophage 

migration in the MMI test, evidence that perhaps this animal had not 

become sensitized to the Listeria. There was no antigen-induced inhi

bition of macrophage migration in cultures of cells obtained from nor

mal guinea pigs.

The oxygen utilization by cells from animals which were shown 

to be sensitized was greater than the oxygen utilization by cells from 

nonsensitized animals or the animal which, although exposed to live 

Listeria, was not sensitized according to the results of the MMI test.

Table 2 shows the results of an experiment to correlate the 

changes in skin sensitivity, macrophage migration and oxygen utiliza

tion at various periods after sensitization. Skin test reactions at 

day 4 were less than 5 x 5  mm in diameter and not considered positive.

18
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Table 1. Effect of skin testing on macrophage migration and oxygen
utilization by PE cells from normal and Listeria-sensitized 
guinea pigs.

Skin test
Macrophage 

migration value
Oxygen

utilization
Treatment

Day Rxn* -Agb A b+A.g %c -Agd V RIe

Sensitized 2 4x8 3.5 2.2 63 40.4 45.1 1.16

Sensitized 3 6x8 3.3 2.2 67 39.7 41.8 1.05

Sensitized 5 10x11 2.5 1.7 68 47.1 48.8 1.04

Sensitized — NDf 3.3 3.0 91 21.3 24.6 1.15

Normal - ND 2.2 2.2 100 34.3 33.5 0.98

a. Rxn, reaction; diameter of erythema in millimeters; two perpendicu
lar measurements.

b. Ag, antigen; units of radial migration out of the agarose droplet.

c. Z Migration - ce^ “ ' " " S ™  x l00.Migration value of cells without antigen7
d. Ag, antigen; pi of oxygen utilized/10 cells/4 hours.

Oxygen uptake by cells with antigene. RI, respiratory index = Oxygen uptake by cells without antigen
ND, not done.
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Table 2. Effect of time after sensitization on skin responsiveness,
macrophage migration, and oxygen utilization by PE cells from 
normal and Listeria-sensitized guinea pigs.

Days after sensitizationAn ima1 4 6 12 18 24

Skin test reaction

SI 3 x 3b 10 x 10 8 x 12 8 x 10 7 x 8
S2 4 x 5 6 x 6 10 x 13 8 x 10 9 x 11
S3 - 9 x 12 7 x 7 5 x 12 8 x 8
S4 - 5 x 11 10 x 13 10 x 12 10 x 11

MacrophaRe migration

-Ar c iA r C 7.d -Ar ♦Ag 7. -Ag ♦Ag . 7. -Ar ♦Ag 7. -Ar ♦Ar 7.

SI 3.6 4.0 110 2.9 2.4 83 4.1 3.1 75 4.0 2.5 63 4.9 3.3 67
S2 3.3 2.9 88 2.3 2.4 106 5.6 3.2 57 7.4 4.3 58 5.1 3.9 77
S3 - - - 7.7 4.1 53 8.3 5.9 71 4.8 3.0 63 7.3 3.8 52
S4 - - - 7.9 4.6 58 8.3 4.9 51 9.4 3.0 40 10.6 6.9 65
Nl 3.0 3.0 100 3.0 3.1 102 4.1 3.7 91 4.9 4.1 84 4.1 3.1 75
N2 - - - 8.9 6.2 69 9.0 8.0 89 8.4 5.4 64 7.7 4.8 62

Oxygen utilization

-Af/ ♦Ag* RIf -Ag ♦Ag RI "Ag ♦Ag RI -Ag ♦Ag RI -Ag ♦Ag RI

SI 59 61 1.03 53 63 1.19 64 81 1.27 60 74 1.23 52 52 1.00
S2 57 53 0.93 49 66 1.35 36 45 1.25 58 71 1.22 55 64 1.16
S3 - - - 116 116 1.C0 33 32 0.97 51 50 0.98 55 55 1.00
S4 - - - 90 103 1.14 54 65 1.20 112 114 1.02 92 86 0.93
Nl 96 110 1.15 49 72 1.47 53 60 1.23 41 56 1.37 77 66 0.86
N2 - - - 57 69 1.21 97 88 0.91 53 60 1.32 93 109 1.17

Animals coded SI-S4 were sensitized to viable Listeria as described 
in the text. Animals coded N1 and N2 were normal.

Ag, antigen; diameter of erythema in mm; two perpendicular measure
ments.

Units of radial migration out of the agarose droplet.
Ag, antigen; % = Migration of cells with antigen  x 100-

Migration value of cells without antigen 
Jul of oxygen utilized/10 cells/4 hours.

n, . . , Oxygen uptake by cells with antigRI, respiratory index = —------ rh--— 1— —--- —   ----fOxygen uptake by cells without anti
en
gen
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Reactions on the sixth day after sensitization were strongly positive . 

in 3 of the 4 animals tested, and by day 12 the listeria antigen elic

ited strong cutaneous reactions in all animals tested.

The results of the MMI test correlate well with the skin test 

responses; migration of sensitized cells was not significantly in

hibited on day 4, but by day 12 the migration had become significantly 

depressed and this inhibition persisted to the end of the experiment.

The quantity of oxygen utilized by PE cells did not follow any 

strong trends throughout the experiment; however, the respiratory in

dex (RI; the ratio of oxygen uptake by cells in the presence of antigen , 

to the oxygen uptake by cells cultured without antigen) for cells from 

sensitized guinea pigs appeared to reach a peak at day 12, then de

creased to levels of about 1,00 by day 24, No consistent pattern of 

respiratory index was seen for normal cells in this experiment.

Upon oxidation of"^Ol-glucose via the hexose monophosphate 
14shunt, COg is produced. An experiment was done to compare the rate

14 14of oxidation of C-l-glucose to CO^ with skin test responses, macro

phage migration, and oxygen utilization. The results are shown in 

Table 3.

Skin test reactions were uniformly strong, indicating delayed 

hypersensitivity in all sensitized animals. In the MMI assays, cells 

from all sensitized animals displayed significant inhibition of migra

tion in the presence of listeria antigen, further establishing that 

these cells were specifically sensitized to Listeria.
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Table 3. Skin responsiveness, macrophage migration, oxygen utilization, 
and evolution from l^C-l-glucose in PE cells from normal
and Listeria-sensitized guinea pigs.

Macrophage Oxygen 14,A Days after Skin test migration utilization C0? Evolution
sensitization reactlonb _Agc ^ gc %d _Age ^ ge ^ f  _Agg M g g

SI 12 7 x 12 10.8 7.2 67 59.8 62.0 1.04 3434 3507 1.02
S2 12 10 x 10 7.8 5.7 73 51.3 55.1 1.07 3928 4129 1.05
S3 12 10 x 13 6.2 2.4 39 45.8 52.3 1.14 3381 3771 1.12
54 24 9 x 14 6.8 4.3 62 42.3 43.9 1.04 3138 3585 1.14
S5 24 7 x 10 6.4 4.9 77 111.7 112.7 1.01 7267 8426 1.16
S6 24 10 x 10 7.7 5.3 69 76.8 77.4 1.01 4191 4607 1.10

N1 12 ND1 7.1 6.6 93 49.2 40.7 0.83 3725 4050 1.09
N2 12 ND 6.1 4.4 72 60.9 62.6 1.03 3309 2978 0.90
N3 12 ND 6.3 5.8 93 31.8 35.1 1.10 2577 3294 1.28
N4 24 ND 7.2 6.6 92 68.0 76.8 1.13 4721 4348 0.92
N5 24 ND 9.1 9.2 102 64.5 66.8 1.04 3977 4767 1.20
N6 24 ND 6.8 6.2 91 117.7 118.6 1.01 6326 7011 1.11

a. Animals coded Sl-S-6 were sensitized to viable Listeria as de
scribed in the text. Animals coded N1-N6 were nonsensitized.

b. Diameter of erythema, in mm; two perpendicular measurements.

c. Ag, antigen; units of radial migration out of the agarose droplet
« w. .. Migration value of cells with antigend. /o Migration = ---------  :-  —--- —  :—  x 100.Migration value of cells without antigen

e. Ag, antigen; îl oxygen utilized/10^ cells/4 hours.
. . , Oxygen uptake by cells with antigenf. RI, respiratory index = —— ^ :---r~^--—--- — r---:-- z~.---  •Oxygen uptake by cells without antigen

g. Ag, antigen; counts per minute (CPM) ^CO^ evolved.
cpm ^ 0 0 2 evolved by cells with Agh. SI, stimulation index =  vat;------ ;-- t ~7 71 r—r— — —  •cpm 1^C02 evolved by cells without Ag

i. ND, not done.
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The utilization of oxygen by PE cells from sensitized guinea 

pigs did not differ significantly from the utilization displayed by 

cells taken from normal animals and there seemed to be no difference 

in respiratory index values when comparing sensitized cells to normal 

cells.

The rate of evolution of from "^C-l-glucose via the hex-

ose monophosphate shunt increased with time after sensitization; how

ever, the date in Table 3 do not seem to suggest any reliable correla-
14 14tion between the evolution of CO^ from the oxidation of C-l-glucose

and the immunologic status of the PE cells. The addition of antigen to

cell cultures resulted in stimulation of the hexose monophosphate shunt

pathway in all but two cell suspensions. This is indicated in Table 3

by stimulation index (SI) values greater than 1.00 (the ratio of the
14counts per minute of CO^ evolved by cells with antigen to the counts 

per minute of ^^CO^ evolved by cells without antigen).

To evaluate the effects which viral infection might have upon 

the immunological activity and cellular metabolism of guinea pig PE 

cells, sensitized and normal guinea pigs were injected intraperiton- 

eally (IP) with 20 ml of sterile mineral oil to elicit peritoneal exu

dates 3 days prior to * sacrifice. Twenty-four hours later 3 of the

sensitized animals and 3 normal animals were each injected IP with 2.35 
7x 10 pfu of Newcastle disease virus (NDV). Results of the skin test

ing, MMI assays, oxygen utilization, and "^CO^ evolution studies are 

presented in Table 4 and in Figures 1, 2, and 3.



24

Table 4. Effect of NDV on skin responsiveness, macrophage migration, 
oxygen utilization, and evolution from 14c-l-glucose
in PE cells from normal and Listeria-sensitized guinea pigs.

Animal8 Virus^
given

Skin test 
reaction0

Macrophage
migration

Oxygen
utilization ^ CO p  Evolution

of donor
-AgC1 <Agd %e -Agf <Agf RIS , h -Ag +Agh SI1

SI None 12 x 14 7.8 4.4 56 81.4 86.8 1.07 7209 10555 1.46
S2 None 10 x 11 7.5 5.1 68 81.3 92.1 1.13 8243 11335 1.37
S3 None 10 x 11 8.3 6.3 76 95.1 100.1 1.05 8507 10604 1.24
S4 NDV 9 x 9 2.0 1.2 60 78.0 78.8 1.01 3729 4566 1.22
S5 NDV 5 x 10 4.7 2.8 60 62.3 61.0 0.98 6009 7649 1.28
S6 NDV 8 x 9 2.1 1.6 76 68.2 73.2 1.07 3178 3678 1.15

HI None ND^ 7.8 7.3 94 80.3 96.4 1.20 6654 9269 1.39
N2 None ND 8.8 7.9 90 111.0 118.1 1.06 8636 9676 1.12
N3 None ND 8.9 7.8 88 ND ND - ND ND -
N4 NDV ND 1.1 1.0 91 63.3 62.2 0.09 3201 3986 1.24
N5 NDV ND 5.6 4.8 86 55.0 54.8 1.00 3881 4650 1.19
N6 NDV ND 2.6 1.9 73 72.3 80.2 1.10 3892 5059 1.29

Animals coded S1-S6 were sensitized to viable Listeria as descr
in the text. Animals coded Ml-N6 were normal.

Animals which received NDV were given 2.35 x io7 pfu, IP, 24 hoi
after induction of peritoneal exudates.

c. Diameter of erythema in mm; two perpendicular measurements.

d. Ag, antigen; units of radial migration out of the agarose droplet.
„ ......  Migration value of cells with Age. /o Migration = ... ■ ■ :----- :   —--- — --—  x 100.Migration value of cells without Ag

f. Ag, antigen; pi oxygen utilized/10^ cells/4 hours.
. . , Oxygen uptake by cells with Ag

g. RI, respiratory index = uptake "^ cell's' without '
h. Ag, antigen; counts per minute (cpm) ^^CO^ evolved.

i. SI, stimulation index = cpm14c02 evolved by cells with Ag _
cpm ^ C 0 2 evolved by cells without Ag

ND, not done.
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Figure 1. The effect of NDV on the migration of PE cells from normal 
and Listeria-sensitized guinea pigs.

(o - cells cultured without antigen, Q  - cells cultured 
with 5 pg listeria antigen/ml of culture medium; open 
figures represent cells from virus-free animals, closed 
figures represent cells from NDV-treated animals.)
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Figure 2. The effect of NDV on the utilization of oxygen by PE cells 
from normal and Listeria-sensitized guinea pigs.

(O- cells cultured without antigen; Q  - cells cultured 
with 10 J4g listeria antigen/ml of culture medium; open 
figures represent cells from virus-free animals, closed 
figures represent cells from NDV-treated animals.)
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14 14Figure 3. The effect of NDV on the evolution of CO^ from C-l-glu- 
cose in PE cells from normal and Listeria-sensitized guinea 
pigs.

( o - cells cultured without antigen; Q  “ cells cultured 
with 10 >jg listeria antigen/ml of culture medium; open 
figures represent cells from virus-free animals, closed 
figures represent cells from NDV-treated animals.)
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Skin test responses (Table 4) to the listeria antigen were pos

itive in all sensitized animals; however5 the reactions in virus- 

infected sensitized animals were consistently less than those in the 

nonvirus infected guinea pigs, indicating that anergy of CMI was estab

lished.

Peritoneal exudate cells from animals sensitized to living Lis

teria and from normal animals showed the typical migration response 

when cultured with listeria antigen. A clear distinction, however, was 

seen with cells obtained from animals which had been infected with NDV. 

The distance these cells migrated in the- absence of antigen was 3.1 to 

5.8 units less than the average migration in the virus-free populations 

(Figure 1). Proportional reductions in migration distance were seen in 

cultures of these cells with antigen. ' However, antigen-induced inhibi

tion of migration was evident in cultures of the NDV-treated cells, in

dicating that anergy of CMI was lacking. The reduced migration of 

cells was not due to viral-induced agglutination, as visual observation 

of the PE cells from each animal showed that agglutination of the cells 

had not occurred.

These data differ from a preliminary study using Listeria- 

sensitized guinea pigs in which the NDV was given 48 hours after the 

induction of peritoneal exudates. In this experiment, PE cells from 

the sensitized guinea pig's displayed the usual antigen-induced inhibi

tion of macrophage migration. Peritoneal exudate cells from the sen

sitized NDV-treated animals were depressed in their overall migration 

distances when compared to cells from nonvirus infected guinea, pigs;



however9 the presence of antigen did not alter the migration of the

cells from the sensitized virus-infected animals, thus indicating a
!

viral-induced anergy of CMI0

Figure 2 illustrates the utilization of oxygen by cultures of 

PE cells from normal and sensitized guinea pigs which had or had not 

received NDV 24 hours after the induction of peritoneal exudates. It 

can be seen that infection of cells with the virus suppressed the up

take of oxygen in both normal and sensitized cells. The addition of 

antigen to these cultures had no significant effect upon the level of 

oxygen utilization by the PE cells.

The activity of the hexose monophosphate shunt, as indicated by 

the evolution of from "^C-l-glucose was suppressed by viral infec

tion of the guinea pig PE cells (Table 4 and Figure 3), Both normal 

and sensitized cells, when harvested from guinea pigs which had received 

NDV 24 hours after the induction of peritoneal exudates, showed levels

of evolution which were decreased by as much as 60% of the levels
14of CO^ evolved from virus-free cells. Furthermore, the effect of

14antigen in enhancing CO^ evolution was more pronounced in cultures of

cells from virus-free donors.

Remaining PE cells from each animal were pooled according to
9the treatment which was given the donors, and 10 cells from each pool 

were diluted to 2 ml in medium and injected IP into separate normal 

guinea pigs for assay of passive transfer activity. The passive trans

fer recipients were skin tested 48 hours after cell transfer, and 24 

. and 48 hours later the reactions were measured and recorded (Table 5).
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Table 5, Skin test reactions of recipient animals in the passive 
transfer of sensitivity to listeria antigen.

Passive transfer 
recipient code

Passive transfer 
donor pools3

Skin
in

test reactions 
recipients^

24 hr 48 hr

P.T1 Sensitized, no NDV 8 x 12 10 x 10

PT2 Normal, no NDV 2 x 2 2 x 2

PT3 Sensitized, NDV-finfected 2 x 2 2 x 2

PT4 Normal, NDV-infected 2 x 3 2 x 4

N7 None 2 x 4 2 x 3

ae Cells were pooled according to treatment given donor animals prior 
to sacrifice. 10^ Cells from each pool were diluted to 2 ml in 
medium and injected IP into separate normal recipients. Animal 
coded N7 received no cells and served as a control on the skin 
testing.

b. Diameter of erythema, in mm; two perpendicular measurements.



Neither cells from Listeria-sensitized^ NDV-infected animals, nor cells 

from normal guinea pigs were able to passively transfer sensitivity to 

listeria antigen. The only skin test reactions which were considered 

positive were those in which the recipient received cells from sensi

tized virus-free donors. These results indicate that NDV infection had 

abolished the ability of sensitized lymphocytes to passively transfer 

skin responsiveness against listeria antigen. The results of skin test

ing a representative normal, nontreated guinea pig (coded N7) are in

cluded in Table 5, and from data of this type reactions which were not

greater than 5 x 5  mm in erythema were judged to be negative.
7One x 10 PE cells from each animal were assayed for NDV in 

monolayers of chick embryo fibroblasts. The monolayers were examined 

on days 2 and 4 for cytopathic effects (CPE) and the results were re

corded in Table 6. Monolayers which had been inoculated with PE cell 

fluids from the nonvirus infected animals were free of any CPE at day 4 

of the assaye Fibroblast monolayers which were inoculated with PE cell 

fluids from virus-treated guinea pig cells invariably showed CPE by 4 

days of culture when undilute inoculum was used, and evidence of CPE was 

variable at inoculum dilutions of 10 and 100. Viral hemagglutination 

activity against chicken red blood cells was detected in some of the 

fibroblast cultures which exhibited NDV-induced CPE (Table 6 ).
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Table 6 , Assay of NDV from PE cell fluids„

Aniraala Virus
given^

Cytopathic
dilutions

effects at 
of PE cell

various
fluids Viral

hemagglutination^
1/1C 1/10° 1/100-

SI None — ND6 ND ND
S2 None ND ND ND
S3 None •” ND ND ND

S4 NDV + + + +
S5 NDV + -
S6 NDV + + + +

N1 None ND ND ND
N2 . None - ND ND ND
N3 None - ND ND ND

N4 NDV + + •
N5 NDV + - - ±

N6 NDV + +

Control - ND ND -

a. Animals coded S1-S6 were sensitized to viable Listeria as described 
in the text. Animals N1-N6 were normal, Control cultures received 
sterile medium in place of PE cell fluids,

7b. Animals which received NDV were given 2,35x10 pfu, IP, 24 hours
after induction of peritoneal exudates,

Co + = Presence of cytopathic effects after 4 days of culture.
~ = No cytopathic effects observed after 4 days of culture,

d. Viral hemagglutination by tube agglutination using chick red blood
cells and medium from CPE positive monolayers. + = hemaglutination, 
- = no hemagglutination.

ND, not done.



DISCUSSION

One aim of this research was to ascertain the correlation be

tween immunologic and metabolic activity of PE cells obtained from 

normal guinea pigs and animals sensitized against Listeria monocyto

genes. It has been shown that Listeria induces cell-mediated immunity 

(CMI), and that T-cell responses are required for resistance to Lis

teria in mice (86-90) and rats (91). Equivalent evidence is not as 

complete for Listeria infections in guinea pigs.

Skin test reactions provide an in vivo expression of CMI, and 

the results obtained here while skin testing Listeria-^sensitized guinea 

pigs showed that by 6 days after infection, skin test reactions to lis

teria antigen were uniformly strong. The responses on day 4 were 

slightly above base levels obtained by skin testing normal guinea pigs; 

these results are in general agreement with those of Halliburton and 

Blazkovec (92), who investigated delayed hypersensitivity in Listeria- 

sensitized guinea pigs. The skin test reactions remained strong through 

the 24th day after infection, results which are supported by others (87, 

88,92).

The in vitro macrophage migration inhibition (MMI) assay was 

used in this research to monitor the CMI of the guinea pigs. The re

sults of this test clearly demonstrated the development of delayed 

hypersensitivity in the animals. The migration of macrophages from all 

animals sensitized against Listeria for 12 days or more was signifi

cantly inhibited by listeria antigen. Macrophage migration in cultures

33



of cells from animals killed 6 days after sensitization was variable; 

the explanation for the apparent lag in the in vitro detection of de

layed. hypersensitivity, as compared to the skin test reactions is not 

fully understood.

Metabolic activity of PE cells was evaluated through measure-
14 14ments of oxygen utilization and CO^ release from C-l-glucose. Oxy

gen uptake rates, as assayed by using the Gilson respirometer, do not 

seem to be useful in correlating immunological competency to metabolic 

activity. The volume of oxygen taken up by PE cells was extremely var

iable from one experiment to the next, making evaluation on the. basis 

of oxygen demand unreliable. This apparent lack of sensitivity and re

producibility of the technique might be avoided by using oxygen elec

trodes to.measure the rates of change in dissolved oxygen in cultures 

of cells, as suggested by some (93-95).

The respiratory index (Rl), an expression of the effect of an

tigen on oxygen utilization, was also variable and there seemed to be 

no difference between sensitized and normal cells. The respiratory in

dex was greater than 1.00 for almost all PE cell populations, indicat

ing that the antigen did stimulate aerobic metabolism in the cells.

The activity of the hexose monophosphate shunt, as indicated by 

the oxidation of "^C-l-glucose to appeared to offer a better cor

relation of metabolic activity to immunologic activity. The data re-
14veal a definite trend in the oxidation of C-l-glucose by PE cells in 

culture. More "^GO^ was evolved from cultures of sensitized cells than 

from cultures of normal cells. The stimulation index (Si) of sensitized
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cells was slightly higher than that of normal cells, and the stimula

tion index was greater than 1*00 for all PE cell populations, indicat

ing antigen-induced stimulation of the hexose monophosphate shunt.

The metabolic differences between sensitized and normal PE 

cells become more pronounced as the sensitization period increases. 

Resting cells from animals sensitized for more than 12 days exhibit 

rates of oxidation of ^C-l-glucose to which are higher than rates

observed for cells from normal animals. Furthermore, the addition of 

antigen to cultures of sensitized cells results in a more dramatic in

crease in this oxidation than is seen following addition of antigen to 

cultures of normal PE cells. These results agree with similar studies 

by Hard (35) and by Romeo et al. (93) using mice and guinea pigs.

The effects of sensitization upon the metabolic activity of 

cultures of PE cells are supported by the work of others. Keller (96) 

reported that activated macrophages were blocked in their killing of 

syngeneic rat tumor cells by inhibition of glycolysis, whereas the 

macrophages deprived of aerobic respiration destroyed the tumor cells. 

Cohn (97) has reported similar results using mouse macrophages. The 

hexose monophosphate shunt serves as the primary source of NADPH for 

reductive synthesis of membrane components, lipids, and polysaccharides 

and as a source of ribose sugars for nucleic acid synthesis (38). Mem

brane turnover during phagocytosis and cellular locomotion would re

quire increased NADPH levels in the.cell (98), Bonventre and Mukkada 

(99) have reported augmentation of glucose transport into the macro

phages following phagocytic activity; this may be the result of
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increased demand for NADPH during phagocytosis. The hexose monophos- 

phage shunt in.lymphocytes is activated following PEA stimulation 

(4,100). This activity may be 3- to 5-fold greater than in control 

cultures by the 3rd day of culture.

The effects of Newcastle disease virus (NDV) on the immunologic 

and metabolic activity of guinea pig PE cells was striking. The skin 

test reactions in sensitized animals were depressed by viral infection 

as indicated by reduced skin responsiveness. This suggests that a 

•state of partial anergy in CMI was established.

A virus effect on migration of macrophages was evident since 

the distance of migration was severely depressed when normal and sensi

tized PE cells were infected with NDV. This effect has been reported 

in other experiments using NDV (101) and in studies using Friend's 

leukemia virus-infected cells (26). Results from other studies (84) 

and from a preliminary experiment showed that cells from NDV-treated 

sensitized animals were anergic in the MMI test, although the sensi-t 

tized, virus-free animals showed significant migration inhibition when 

cultured with antigen. The difference between the results obtained 

here and those of the preliminary studies is not completely understood. 

One explanation may be that in the preliminary work with guinea pigs 

the NDV was injected 48 hours after induction of PE cells while the re

sults of this work were obtained from animals which received virus only 
, ' ' ; " - 

24 hours after PE cell induction.

Oxygen utilization by either sensitized, or normal cells was 

slightly depressed when the cells were infected with NDV. The
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respiratory index (Rl) values were slightly lower in virus-treated 

cells than in control cells.

Although the stimulation index (Si) values for the hexose mono

phosphate shunt remained essentially unchanged, the evolution of 

was inhibited by as much as 60% in cells which were treated with NDV, 

This indicates that the NDV infection had profound effects upon the ac

tivity of the hexose monophosphate shunt in both sensitized and normal 

animals.

Depression of the rates of oxidation of ^C-l-glucose to 

may play a significant role in the expression of anergy. Many workers 

have shown that the hexose monophosphate shunt in normal, virus-free 

macrophages is stimulated by phagocytosis and may reach levels of 6- to 

10-fold over control (nonphagocytizing) cultures (41,102). As sug

gested by Nathan, Karnovsky, and David (98), the increase in hexose 

monophosphate shunt activity may be required to supply NADPH for the 

synthesis of membrane lipids needed for movement, spreading, and ruf

fled border activity. If the increase in the hexose monophosphate 

shunt is prevented by viral infection, the synthesis of membrane ma

terial may consequently be inhibited and the migration of macrophages 

thus be retarded. Depressed membrane activity in virus-infected cells 

would limit phagocytosis of antigen and result in anergy of CMI,

Failure of cells from sensitized, virus-treated animals to 

passively transfer delayed hypersensitivity against.listeria antigen 

to normal recipients is further evidence, of the development of an 

anergic state in NDV-infected animals.



Demonstration of NDV in the PE cells from virus-treated animals 

was accomplished by the detection of cytopathic effects in monolayers 

of chick embryo fibroblasts which were inoculated with freeze"-thaw cell 

fluids from the PE cell samples. It is significant that cytopathic ef

fects were seen only in monolayers which were inoculated with cell 

fluids from PE cells taken from virus-treated guinea pigs; however, 

fluids from PE cells taken from nonvirus-treated animals were nontoxic . 

to the fibroblast cultures after 4 days of incubation.

This study has shown that measurement of the rate of oxidation 

of ^C-l-glucose to ^CCL, as an assay of the activity of the hexose 

monophosphate shunt, offers the best means of ascertaining the correla

tion between immunologic activity and cellular metabolism in PE cells 

from normal and sensitized guinea pigs. Applications of the assay may 

prove useful in the investigation of the mechanisms of viral-induced 

anergy of cell-mediated immunity.
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