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THE INHIBITORY EFFECT OF CERTAIN COMBINATIONS OF 
ANTIMETABOLITI3S AND OTHER COMPOUNDS ON THE 

DEVELOPMENT OF INFLUENZA VIRUS 

I NTRODUCTI ON 

Although a relatively large number of chemical corn- 

pounds have been found to inhibit the development of 

various viruses in tissue culture systems, the majority 

of these fail to demonstrate a significant inhibitory 
effect on experimental virus infections in the intact 
host animal. It is perhaps not too surprising that the 

inhibitory action observed with such compounds in tissue 

cultures does not exteni to animal infections, when one 

considers the comolexity of environment encountered in an 

intact animal compared to the relatively simple conditions 

of tissue culture. There are a number of possible ex- 

planatioris for the lack of activity of tissue culture in- 

hibitors in animal infections. First, it is possible that 

tolerated do3es of the compounds cannot produce sufficient 
concentrations in the tissues of the host to inhibit virus 

development. This does not se to be the best answer, 

however, in view of the observations that many such corn- 

pounds are tolerated by mice in relatively large dos 
which almost certainly give tissue levels surpassing 

those necessary to produce inhibition of virus develop- 

ment in tissue culture systems. It is also possible that 
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the compounds are rapidly excreted in the urine, either 
in their natural states or altered to some ineffective 
form by the normal detoxification enzymes of the host. 
Still another possibility is that the selectivity of 

action of the compounds may not be great enough, that is, 
the concentrations toxic to the animai may too closely 

approach those necessary for inhibition of virus develop- 

ment. 

In the case of compounds which act as antimetabolites, 
antagonizing the incorporation of some essential component 

into virus material or some other reaction essential to 

virus synthesis, it seenis reasonable to assume that the 

ruetabolite may exist in the host tissues in quantities 
sufficient to greatly diminish or completely suppress the 

inhibitory activity of the antimetabolite. 

One approach to the problem of achieving in vivo in- 

hibition of virus development is the modification of the 
inhibitor molecule in such a way that it retains its in- 

hibitory activity while losing its susceptibility to al- 
teration by the detoxification enzymes of the host. In 

practice, however, this approach has met with difficulty, 
since the synthesis of these compounds is usually compli- 

cated and the prediction of the changes necessary to ac- 

complish the desired effects is often impossible. 
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A second approach to the problem is that of coibin- 

Ing two or tiiore inhibitory corapounds with the hope of 

enhancing the inhibitory effects of the individual corn- 

pnds and extending the inhibition to experimental in- 

fections in the host animal. By combining inhibitors it 

might be possible to attack the development of the virus 

at more than one point in the synthesis of the particle, 

thus halting synthesis of new virus, or resulting in the 

formation of incomplete, or non-infectious particles. 

Another advantage that might be gained from combining in- 

hibitors lies in increasing the selectivity of inhibition 

over that obtained with the individual compounds. It 
would be very desirable to increase the ratio of concen- 

trations of inhibitors toxic for host cells to concen- 

trations inhibitory for virus development. 

Encouraging results with preliminary explorations of 

the inhibitory effects of certain combinations of anti- 

metabolites justified more thorough investigations along 

these lines. 
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HISTR ICAL REVIEW 

A relatively large number of individual chemical 

compounds have been reported to inhibit the development 

of various viruses in tissue culture systems. Among 

these compounds, several have been found to exert anti- 

metabolite effects on compounds essential for virus de- 

velopment. A detailed consideration of the various com- 

pounds studied for virus inhibition would be guite lengthy 

and unessential for the purposes of this report. The in- 

formation of this section will be largely restricted to 

some of the available nfDsmation concerning the compounds 

studied in detail in the course of the investigations 

described in this report, and concerning the use of com- 

bined inhibitors in various systems. 

Canavanine, an amino acid found occurring naturally 

in the jack bean, is a structural analog of arginine. The 

structural formula of canavanine is shown below: 

2N O-CH2 -CH2-CH-COOH 

Can avan me 

Canavanine has been found to inhibit the growth of a 

number of species of bacteria (49, pp. 893-902). These 

inhibitory effects were reversed by arginine. DL- 

canavanine sulfate was found to be inhibitory for the 

deve lopment of mouse encephalomye lit is virus, The iler'.s 
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GD VII strain, in tissue cultures of mouse brain (37, 

pp. 409-411). Pilcher, et al. (38, pp. 79-86) reported 

that canavanine was inhibitory for the develotment of the 

Lee strain of type B influenza virus in the intact chick 

embryo as well as in tissue cultures of the chick embryo 

chorioallantoic membrane. The inhibitory effect was re- 

versible by arginine. Canavanine was not able to produce 

inhibition of influenza virus development in experimental 

infections in mice. Kundin et al. (27, pp.1-27) found 

that canavanine was inhibitory for the development of both 

the Lee strain of type B influenza virus and the PR 8 

strain of type A influenza virus 

in tissue cultures of chick embryo lung. Arginine was 

able to effectively reverse this inhibitory effect. 

Benzirnidazole, whose structure suggests a relation- 

ship to purines, was found by Wooley (51, pp. 225-232) 

to be inhibitory for the growth of various species of 

yeasts and bacteria. The inhibitory effect of benzimid- 

azole could be partially or completely reversed by natural 

aminopurines, esriecially adenine and guanine. Adenine 

was the most effective reversing agent. Wooley also de- 

scribed a strong anesthetic effect of benzimidazole on 

mice. Fie was unable to alter this effect by treatment of 

the mice with adenine. Thompson et al. (48, pp. 529-534) 

found benzimidazole to be inhibitory for the development 



of vaccinia virus in tissue culture. The development 

of poliomyelitis virus in tissue culture was reported 

by Brown (10, p. 441-45u) to be inhibited by benzimid- 

azole. The inhibitory effects of benzimidazole and a 

number of benziniidazole derivati on influenza vi.us 

development in tissue cultures of the chick embryo chorlo- 

allantoic membrane have been studied by Tamm and his co- 

workers (43, pp. 537-540; 44, pp. 42-53; 45, pp. 351-367; 

46, pp. 559-567; 47, pp. 54-58). Among these compounds, 

2,5-dimethylbenzimidazole and certain halogenated furan- 

osyl benzitnidazoles have been shown to have especially 

marked inhibitory effects on the development of influenza 

virus in tissue culture (46, pp. 559-567; 47, pp. 54-58). 

Attempts to reverse the inhibitory effects of benzimid- 

azole on virus develoment by natural purines have 

met with little success. In thi.s laboratory benzimidazole 

was found to have no effect on the multiplication of 

influenza virus in the lungs of infected mice. The 

structure of benzimidazole is shown below: 

k' 

N 
liC C " 

HC C //C 

''N 

benz imidazo le 
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Beerstecher and Shive (7, pp. 53-61) found -phenyl- 

serine to be an effective inhibitor of the growth of 

several bacterial species, and the inhibitory effect 

appeared due to conpetitive interference with phenylala- 

nine oietabolism., Kundin, et al. (28, pp. 1-27) reported 

that 3-pheny1serine was inhibitory for the development 

of both Lee and PR 8 influenza virus in tissue cultures 

of chick embryo lung. This inhibition was reversed by 

phenylalanine and a number of phenylalanine derivatives. 
The reversal by phenylalanine appeared to be of a com- 

petitive nature. Treatment with tolerated doses of 

13-phenylserine failed to significantly influence the 

survival of mice infected with influenza virus. The 

structure of 3-phenylserine is shown below: 

H H 

/ S.'.' 
¡ 

RC C-CH-CH-COOH 
'.C- nn 

3-phenylser me 

Little information has been reported concerning the 

biological effects of rri-tyrosine. Kundin, etal. (28, 

po. l-27) reported that m-tyrosine, at a concentration of 

0.03 mg/ml was inhibitory for the development of PR 8 

influenza virus in tissue cultures of chick embryo lung. 

No attempt to determine the mechanism of this inhibition 
was reported. The structure of m-tyrosine, as shown 
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below, suggcsts a relationship to both tyrosine r:d 

phenylalanine. 

OH 

t H NH2 

HC C-CH -CH-COOH 2 

H 

rn-tyrosine 

p-Fluorophenylalanine, a phenylalanine analog whose 

structure is shown below, was shown by Halvorsen and 

Spiegeizaan (20, pp. 207-221) to be inhibitory for the 

synthesis of certain enzymes in Escherichla coli. This 

inhibition was reversed by phenylalanine. p-Fuoophenyl- 

alanine was shown to be directly incorporated into bac- 

terial proteins, replacing phenylalanine (20, pp. 207- 

221; 35, pp. 378-391). Zimmerman and Schafer (53, pp. 

676-698) reported that p-fluorophenylalanine was inhib- 

itory for the development of fowl plague virus in chick 

embryo cell cultures, and that the inhibition was reversed 

by phenylalanirie. That p-fluoroohenylalanine was inhib- 

itory for the multiplication of the Saukett strain of type 

III poliomyelitis virus in HeLa cell cultures was reported 

by Ackermann, Rabson, and Kurtz (2, pp. 437-450). Their 

results indicated that the compound inhibited virus multi- 

niication at an early phase, and that the multiplication 

of virus and its cytopathogenic effects were somewhat 



independent pr-'cesses, since p-fluarophenylalanine 

did not prevent damage to the infected cells. The in- 

hibitory effects were reversed by phenylalanine. 

H H NH2 

F-c C-CH,CH-COOH 

H H 

p-F luoroDhenylalanine 

i(ibonuclease has been found to inhibit the incorpora- 

tion of amino acids into proteins in a number of biological 
systems (?Q, pp 13-3u; O, pp. 641-649; 52, pp. 337-354). 

l3rachet (9, p. 583) reported that the enzyme at a con- 

centration of i mg/ml produced almost complete inhibition 

of amino acid incorporation into the proteins of onion 

root-tips after a three-hour treatment. 

Casterman and jeener (12, p. 433) found ribonuclease 

to show marked inhibitory activity on the synthesis of 

tobacco mosaic virus, a virus whose nucleic acid component 

is ertirely ribonucleic acid. Tamm and Bablanian (45, 

pp. 351-367) reported that ribonuclease inhibited multi- 

plication of vaccinia and herpes simplex viruses in 

chorioailantoic membrane cells. The ennne had no direct 
virucidal action on either virus. Barski and Cornefert 

(5, pn. 810-816) found that, in monkey kidney cell cultures 
infected with poliomyelitis virus, treatment with ribo- 
nuclease resulted in a marked decrease in virus 
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nuitthiicatìon. This inhibition was not due to direct 
inactivation of the virus in vitro by the enzynie. 

Le Clerc (28, pp. 578-579) reported that ribonuclease 
was inhibitory for the development of PR 8 influenza 
virus in tissue cultures of the chick embryo chorioallan- 
toic membrane as well as in the intact chick embryo. It 
showed no direct inactivation of influenza virus in vitro 
and Le Clerc suggested that the enzyme might exert its 
inhibitory effect on the virus after the separation of 

ribonucle; acid from ot';r viral components subsequent 

to penetration of the host cells by the virus particles. 
J3urnet, Lind, and Perry (11, pp. 517-521) confirmed the 

results of Le Clerc, using de-embryonated chicken eggs 

infected with PR 8 influenza virus. The inhibition 
of ínildCnza virus development by ribonuclease is inter- 
esting in view of the observations by Ada and Perry 

(3, pp. 453-468) that ribonucleic acid is the sole 
nuc1-ic acid component of influenza virus and that th 
degree of infectiveness of the virus is a function of the 
ribonucleic acid content. 

Studies of th combined effect of rarious cornpound 

in a number of biological systems have been reported: 
Jawetz and his co-workers (19, pp. 150-158; 22, pp. 

693-695) have found that combinations of penicillin and 
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streptomycin showed marked inhibition of the growth of 

several bacterial species, both in vitro and in vivo. In 

sorne cases, definite synergism was noted. Jawetz sug- 

gested that antibiotic synergism might be due to simul-. 

taneous blocking of one or more pathways essential for 
bacterial growth (23, pp. 175-.192). Nichols (36, pp. 447- 

478) also found marked inhibition of growth of several 
species of bacteria by mixtures of penicillin and strepto- 
mycin. Ahern and Kirby (4, pp. 33-35) demonstrated bene- 

fielal results in the clinical treatment of subacute 

bacter ial endocard it is with comb mat ions of penic ill in 

and chloramphenicol. Fitzpatrick (16, pp. 54-66) re- 
ported that combIned chemotherapy with Coenzyme I and 

nicotinamide greatly increased the survival of mice in- 
fected with Mycobacterium tuberculosis. 

Shapiro and Gelihorn (41, pp. 35-41) found that corn- 

binations of 5-amino-7-hydrxyiH-v-triazolo (d) yrimidine 
and either desoxypyridoxine, teroylglutamic acid, 7- 

ethylpteroylg1utarnic acid, or vitamin 12 inhibited a 

transplantable mouse mammary carcinoma to a greater extent 
than any one of the drugs alone. Shapiro, Krearn, and 

Dietrich (42, p. 616-619) found that the non-carcino- 

static agent, 6-formylpteridine, augmented the carcino- 
static action of 8-azaguanine against a mammary adeno- 

carcinoma in mice. These workers postulated that the 
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mechanism of the combined action was prevention of the 

deamination of -azaguanine to the inactive 8-azaxanthine 

by 6-formyipteridine. 

Li, et al. (30, pp. 1291-1299) reported the results 

a clinical investigation 

anti-cancer agents in which 

effects Df a combination of 

and actinomycin D in trc.tm 

cancer of the testis. 

In a study of chemical 

of combinations of various 

were described the beneficial 
chlorambucil, amethopter in, 

nt of pal íents suffering from 

inhibition of accinia v.rus 

development Bauer (6, pp. 105-114) found synergistic 

activity with a combination of isatin thiosemicarbazone 

and 5-(2' :4'-dichlorophenoxy) thiouracil against develop- 

ment of the 1110 strain of vaccinia virus in mice. 

Liu, et al. (32, pp. 222-227) found definite syrier- 

gistic effects in the combined chemotherapy of experi- 

mental influenza infections in mice with caprochlorone 

and human gant;ia globulin. By using these two agents in 

Combination, significant beneficial effects were demon- 

Strated against much higher virus inocula than could be 

Shown with either agent alone. 

At the present time, it is impossible to predict 

those combinations which will show enhanced inhibition of 

virus development either in vitro or in vivo. Where the 

mechanisms of inhibition of the individual components of 
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a combination are known, it seems reasonable to suppose 

that combining inhibitors whose mechanisms are different 

might result in additive or synergistic effects. There 

are many inhibitors, however, whose riechanismS of action 

have not been elucidated, so an approach of this type would 

be severely limited by lack of sufficient preliminary 

information. The problems of selective chemical inhibí- 
tion of virus develoDment are many. Only a small per- 

centage of compounds showir' inhibition of virus develop- 

ment in tissue cultures demonstrate similar beneficial 

effects in experimental infections in intact animals. 

There is no guarantee that cf)mbined inhibitors showing 

synergistic or additive effects in tissue culture systems 

will have similar effects on virus development in animal 

infections. The physiological environments in the two 

systems differ enormously and the fate of chemothera- 

peutics introduced into the tissues of intact animals is 

often uncertain. In any case, however, encouraging results 

with studies on combined inhibitors in various biological 
systems make further explorations of this nature very 

desirable, both from the standpoint of achieving success- 

ful chemotherapy of virus infections and that of perhaps 

supplying valuable information on the complex processes 

taking place in virus-infected host cells. It is not 

beyond imagination to look forward to the time when it 
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will be possibl.e to predict those chemical structures 

that will selectively retard or abolish the destructive 

processes of viral multiplication in infected cells. 
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EXPERIMENTAL MATERIALS AND METHODS 

The Lee strain of type B influenza virus, designated 

as Lee-R, was used in tissue culture studies. This virus 

was originally obtained from the Rockefeller Foundation, 

through the courtesy of Dr. F. L. Horsfall. 

The Lee strain of type B influenza virus used in 

mouse experiments had a long history of egg passages and 

was originally obtained from the American Type Culture 

Collection. The stocks of this virus had been adapted by 

a series of passages in the mouse lung. 

Stock virus preparations were kept as infective 

allantoic fluids taken from chick embryos and stored at 

-60°C. For each new stock the virus was passed twice in 

eggs by diluting the old stock preparation 1:10,000 in 

chilled phosphate buffered saline and inoculating 0.1 

ml volumes into the allantoic cavities of 4 to 6 ten-day- 

old chick embryos. These eggs were incubated at 35°C. 

for 40-42 hours and the allantoic fluids aseptically re- 

moved. After centrifuging to remove debris from the 

fluids, a 1:10,000 dilution was prepared in chilled 

phosphate buffered saline from a pool of the fluids and 

the passage rereated. Similarly obtained fluids from the 

second passage were inoculated in 0.1 uil volumes into the 

allantoic cavities of 30 to ten-day-old chick embryos 

and the eggs incubated at 35°C. for 40-42 hours. After 
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incubation, the allantoic fluids were aseptically removed 

from these eggs, pooled, and centrifuged to remove blood 

cells and other debris. The infective fluids were distri- 

buted in 0.5 or 1.0 ml volumes in small sterile cotton- 

plugged tubes. These tubes were sealed with rubber 

stoppers and quick-frozen in a solid CO2-ethanol mixture, 

and then stored at -60°C. After freezing, two tubes of 

virus were thawed, their contents pooled, and titrated for 

infectivity. The frozen stocks were titrated similarly 

to determine the best virus inoculum for tissue culture 

u e. 

Chicken eggs of a high per cent fertility were ob- 

tamed from the Midvalley Hatchery. The eggs were chiefLy 

New Hampshire Red, although eggs from various other breeds 

were used at times during the investigations. Eggs were 

incubated from 9-12 days in a moist atmosphere at 38°C. 

After inoculation, eggs were incubated at 35°C. 

Test Compounds 

Amino Acid Analogs: 

DL..AlanyL..i)L...ser Inc 

L-Canavanine 

Source 

Nutritional Biochemicals 
Corporat ion. 

Oregon State College* 

DL-p-Fluorophenyla lanine Nutr it joual Biochemica Is 
Corporation 



Test Compounds (continued) 

Amino Acid Analogs: 

DL-. 3-Pheny1ser Inc 

DL-m-Tyr os me 

Carbohydrates: 

2-Desoxy-d-glucose 

Galactosamine 'HCI 

Enzymes: 

Source 

Jutr it ional Biochemica is 
Corporation 

H.M. Chemical Corp. 

Ntritiona1 Biochemicals 
Corp orat ion 

Nutritional Bi.ochemicals 
Corp orat ion 

Ribonuc lease Nutritional Biochemicals 
Corporation 

Mann Biochemicals Corp. 

Purine Analogs: 

Benz imidazo le 

6-Benz ylaminopur inc 

Pyrimidine Analogs: 

Nutritional Biochemicals 
Corporation 

Oregon State College 

5-a,a-Dichloroacetam .douracil 

Oregon State College 

Other Compounds: 

l,3-Dioxo-2-isoindolinehexanoic Acid 

Lupu Ion 

Cutter Laboratories 
Oregon State College 

Oregon State College 

17 

*The compounds whose source is listed as Oregon State 
College were obtained from the Oregon State College 
Department of Chemistry through the cooperation of 
Dr. B. E. Christensen. 
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Chemicals 

All reagents and solutions were prepared using reag.nt 

grade chenicals. Deionized water used in the preparation 

of solutions and for rinsing glassware had a conductivity 

of 0.3 ppm or less expressed as NaC1. 

Alsever's Solution 

ed blood cells were collected and stored in this 
solution, which had the following composition: 

Glucose 20.50 grams 
Sodium chloride 4.20 grams 
Citric acid . H20 0.55 grams 
Sodium citrate 2H20 8.00 grams 

Deionized water to 1000 ml 

The solution was distributed in 100 ml quantities into 

jars and sterilized by autoclaving 15 minutes at 121°C. 

After sterilization the solution was stored at 10°C. 

Physiological Saline Solutions 

Buffered physiological saline was used as a diluent 

in the preparation of virus inocula for chick embryos or 

mice. This solution had the following composition: 

N'aCi 8.500 grams 
KH2PO4 0.227 grams 
Na2HPO4, anhydrous 0.710 grams 

Deionized. water to 1000 ml 

This solution was dispensed into Pyrex bottles and auto- 

claved for 15 minutes at 121°C. The pH after steriliza- 
tion was 7.25-7.3). The physiological saline solution 



19 

used as the diluent in hemagglutinin titrations and for 

washing mouse lungs was 0.85 per cent NaC1. This solution 

was unbuffered. When sterile unbuffered physiological 

saline was required, the solution was dispensed into flasks 

and autoclaved for 15 minutes at 121°C. 

Hanks Balanced Saline Solution (BSS) 

This nutrient solution was used in all tissue cultures 

of the chick embryo chorioallantoic membrane, both in virus 

experiments and cytotoxici.ty tests. The solution was pre- 

pared as a lOX concentrated stock and stored in a glass 

stoppered bottle at 10-14°C. This stock solution contain- 

cci no glucose and was not sterilized. The stock solution 

was diluted ten-fold and 1.0 gram of glucose per liter 

was added just before use. The dilute solution had the 

following composition: 

NaCl 8.000 grams 
KC1 0.400 grams 
MgSO4.7H20 0.200 grams 
CaCl2.2H20 0.187 grams 
Na2HPOL1, anh. 0.060 grams 
KH2PO. 0.060 grams 
Glucose 1.000 grams 
Phenol red 0.020 grams 

Deionized water to make 1000 ml 

The solution was dispensed in Pyrex bottles with screw 

caps or Erlenmeyer flasks with cotton plugs and sterilized 

by autoclaving for 15 minutes at 121°C. pH after ster- 

ilization was 6.7. 
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Phosphate-Glycine Buffer 

This buffer solution, used as a diluent for in vitrc 

studies on the direct effect of inhibitor mixtures on 

virus infectivity arid hemagglutinin, consisted of two 

solutions which had the following compositions: 

Solution A: 

Glycine 3.752 grams 
Sodium chloride 2.922 grams 
DeLnized water to 100 ml 

Solution 3: 

Na2HPO4, anh. 4.000 grams 
I)eionized water to loo ml 

The two solutions were sterilized separately by filtra- 

tion through ari ultrafine porosity sintered glass filter. 

Solutions A and B were mixed in equal volumes just before 

use. Ph of the final solution was 8.00-8.05. 

Infectivity Titrations 

Serial 10-fold dilutions of the virus preparation 

were prepared in chilled phosphate buffered saline. 0.1 

ml volumes of these dilutions were inoculated into the 

allantoic cavities of groups of six 9 to 11 day old embry- 

onated eggs. The eggs were incubated at 35°C. for 40 

hours. After the incubation period the eggs were chilled 

for one hour at -20°C. and 0.5 ml volumes removed from 

each egg. This volume of allantoic fluid was diluted 

with an equal volume of physiological saline and LO ml 
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of a 1.0 per cent suspension of red cells added, giving 

a final dilution of 1:4. Allantoic fluids showing heriag- 

glutinin at this dilution were considered infected. The 

BID50 infectivity titer was determined according to the 

method of Reed and Muench (39, pn. 493-497). One EID50 

renresents the dose of infective fluid infecting 50 per 

cent of the embryos. 

Hemagglutinin Titrations 

Chicken erythrocytes were used i1 all heniagglutinin 

titrations. The blood was obtained fresh weekly by pool- 

ing blood from 4 or 5 chickens in an equal volume of ster- 

ile Alsever's solution. The whole blood was filtered 

through several layers of coarse cheesecloth and the cells 

washed with nhysiological saline by three ten-minute centri- 

fugations at about 2500 rpm. After each centrifugation 

the supernatant saline was removed and fresh saline added to 

the cells. After washing, the cells were packed into a 

small graduated centrifuge tube by centrifugation at about 

2500 rpm for 15 minutes. A stock 10 per cent suspension 

of the washed cells was prepared in physiological saline. 

This stock was stored at 4 to 6°C. The red cell suspensions 

used in hemagglutinin titrations were diluted with physio- 

logical saline to the appropriate concentration immediately 

before use. 
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Serial 2-fold dilutions of the infected fluids were 

prepared in physiological saline, beginning with a 1:5 

dilution and progressing through a 1:320 dilution. 

Similarly, serial dilutions were prepared, beginning with 

a 1:15 dilution and progressing through a 1:480 dilution. 

The initial fluids were added to giv. a final volume of 

2.0 ml per tube in the 1:5 series and 2.0 ml in the 1:15 

series. In some cases a 1:2 dilution was also prepared. 

The fluids were thoroughly mixed by alternately withdraw- 

ing the fluid into a I nil pipette and expressing it back 

into a serological tube eight times. After mixing, 1.0 

ml of the dilution was transferred to the next tube in 

the series, mixed, and so on. One ml was discarded from 

the 1:15 dilution and from the final dilution of each 

series, so that the final volume in each tube was 1.0 ml. 

An equal volume of an appropriate dilution of red blood 

cells was added to each of the dilutions of fluids and 

the tubes were thoroughly shaken. 0.5 per cent red blood 

cells were used in titrations of tissue culture fluids, 

while 1.0 per cent suspensions were used in titrating 

allantoic fluid and mouse lung suspensions. The final 

dilution of infected fluids after adding the cell suspen- 

sion was twice the original dilution and the final volume 

was 2.0 ml. 
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Readings were made after the cells had been allowed 

to settle for 5 to 40 minutes at room temperature. 

Hemagglutinin titers were determined using the pattern 
method of Salk (40, pp. 87-98). Titers were expressed 

as the reciprocal of the highest virus dilution showing 

cumplete hemagglutinat ion of the red blood cells. 

Tissue Culture Techniques 

Tissue culture techniques similar to those of Tamm, 

Folkers, and Horsfall (46, pp. 559-567) were used for 

these investigations. All glassware, rubber stoppers, 

caps, etc. were boiled 20 minutes in a solution of Lab- 

tone or Microsolv followed by 10 tap water rinses and 5 

deionized water rinses. Instruments were washed in hot 

Labtone solution, rinsed in tap and deionized water, and 

sterilized by dry heat overnight at 110°C. Bottles, 

screw-cap tubes, pipettes, and rubber stoppers were steri- 

lized by autoclaving at 121°C. for one hour. Tissue 

culture tubes and petri dishes were sterilized by dry heat 
for two hours at 180°C. 

The compound solutions used in tissue cultures were 

prepared by dissolving the compounds directly in dilute 

Hank's Balanced Salt solution (BSS). The pH of such 

solutions was adjusted to 7.5 by the addition of sterile 

1.4% NaHCO3 solution or sterile 0.03N HC1. To all tissue 



culture solutions were added 10 units of penicillin per 

mL and 40 g.of streptomycin per ml. Sterile pyrex 

culture tubes were fitted with #4 pure gum rubber stoppers 

and nutrient solution with or without compounds was 

added in volumes of 2.0 ml per tube. 

Chorioallantoic membranes were aseptically removed 

from 9 to 11 day old chick embryos in the following manner: 

The portion of the shell over the air sac was disinfected 

with strong tincture of iodine and carefully removed with 

a sterile forceps. The air sac membrane was stripped off 

with a sterile forceps and the contents of the egg tipped 

into a sterile Petri dish. The chorioallantoic membrane 

was grasped with a sterile bent-tip forceps and gently 

teased free from other structures. The membranes were 

aseptically washed by agitation in three changes of sterile 

nutrient solution and cut in 2 x 2 cm squares. The tissue 

pieces obtained from individual membranes were pooled and 

thoroughly mixed to assure random distribution. The 

tissue pieces were distributed one per tube in the culture 

tubes containing nutrient solution. The cultures were 

inoculated with 0.1 ml volumes of an appropriate dilution 

of stock virus in nutrient solution and the stoppers 

sealed on with cellophane tape. The cultures were incubat- 

ed at 35°C. on a reciprocating shaker with a 6 cm stroke 

and frequency of 90 strokes per minute. After an 
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incubation period of 44 to 46 hours, the cultures were 

examined for tissue appearance and pli, and the culture 

fluids titrated for virus hemagglutinin. 

The tissue culture techniques designed to determin 

qualitatively the effect of compounds and mixtures upon 

cell growth were similar to those of Lurn and Smith (33, 

pp. 281-293). Chorioallantoic membranes were harvested 

from 10-12 day old chick embryos in the manner described 

above, washed three times in sterile nutrient solution, 

a.d finely minced with sterile scalpels. The fragments 

were aseptically transferred to a sterile graduated 50 ml 

centrifuge tube and centrifuged at approxinately 100 rpm 

for C minutes. The supernatant was removed, fresh 

nutrient solution added, and the centrifugation repeated. 

This washing rocess was repeated three times. After the 

final centrifugation the supernatant was replaced by 

sterile nutrient solution to give a dilution of 3 parts 

tissue fragments to 2 parts nutrient solution. The suspen- 

sion was thoroughly mixed and distributed in 0.1 ml 

volumes in sterile Pyrex roller tubes fitted with #U 

pure gum rubber stoppers. The tubes were rotated and 

gently tapped to distribute the fragments as uniformly as 

possible over approximately the lower third of the tubes. 

The cultures thus prepared were incubated a horizontal 

position for two hours at 35°C. to allow adherence of the 
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fragments to the glass surfaces. Nutrient solution with 

or without compounds was distributed in 0.9 ml volumes 

into the tubes, with care taken to avoid washing the 

fragments free. The cultures were then placed in a roller 

drum operating at.2 rpm and incubated for 44 to 46 hours 

at 35°C. After incubation the fragments were examined 

microscopically (bOX) for growth of new cells around 

the fragments. 

Mouse Tests 

Webster strain mice in the weight range of 25 to 28 

grams were used in all mouse experiments. Care was taken 

in the distribution of sexes in the various groups to 

minimize variation from this source. All groups containdd 

approximately equal numbers of males and females. 

Compounds for mouse injections were prepared in 

physiological saline containing 0.01 per cent phenol red. 

The pH of the solutions was adjusted to approximately 7.4 

and the solutions were sterilized by filtration through 

ultra-fine porosity sintered glass or :Te.tz fiiters 

All groups of mice were inoculated with virus i to 

2 hours after the first compound injection. The virus 

inoculum consisted of 0.05 mi of a dilution of mouse- 

adapted Lee virus appropriate to give 10 LDj in this 

volume. The virus inoculum in chilled buffered saline 

was given intranasaliy, while the mice were under light 



27 

ether anaesthesia. Six intraperitoneal injections of 

compound solutions were given at intervals of 9 to 13 

hours over a three day period. Approximately 72 hours 

after the first injection ali mice were sacrificed by 

over etherization. The lungs of each group were removed, 

washed by agitation in four changes of phsyiological saline, 

pooled, lightly blotted on coarse filter paper, and weighed. 

Saline was added to the lungs to give a final dilution of 
1:20 and the suspensions were ground at top speed in a 

VirTis homogenizer for three minutes. In some instances 

the removal and grinding of the lungs were performed 

aseptically. 

It was necessary to develop a method for remo7al of 

interfering lung tissue inhibitor prior to virus hemag- 

glutinin titrations on mouse lung suspensions. The suspen- 

sions were incubat2d for 2 hours at 35°C. and centrif ged 

at approximately 3000 rpm for 20 minutes. The supernat- 

ants were distributed in 10 ml volumes in lusteroid ultra- 
centrifuge tubes and centrifuged at 20,000 in a Spinco 
iodel L ultracentrifuge for 45 minutes. The supernatants 

were decanted and the last drops carefully drained frori 

the pellets. To each pellet were added 10 glass beads and 

0.5 ml of Q.25 M sucrose solution and all tubes were closed 

with rubber stoppers. They were clamped in a horizontal 

position, with pellets on the lower surfaces, and shaken 
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for 10 minutes on a reciprocting shaker with a stroke 

length of 2.5 cm., operating t 240 strokes per minute. 

Each tube then received 4.5 mi of physiological saline, 

and the shaking was continued for 5 minutes. These suspen- 

sions were titrated for virus hemagglutinin by the pattern 

method of Salk (4@ pp. 87-98), using a i per cent washed 

chicken erythrocyte suspension. Serial dilutions were 

prepared in the manner described previously. The final 

volume of each dilution, after addition of erythrocyte 

suspension, was 2.0 ml. 

Sterility Tests 

All preparations were tested for sterility before 

and after experiments b 

each preparation into a 

broth was prepared from 

medium and autociaved 

sterility controls were 

Tubes showing no growth 

sterile. 

Statistical Methods 

y inoculation of a small amount of 

tube of thioglycoilate broth. The 

Difco dehydrated thioglycoilate 

121°C, for 20 minutes. These 

incubated for one week at 35°C. 

after this period were considered 

Differences between means of hemagglutinin titers of 

tissue culture fluids were tested for significance using 
Student's "t" test (15, p. 153-157). This method of 
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analysis is appropriate for samples containing less than 

30 items. 

The means shown in ali tables and graphs, unless 

otherwise stated, are geometric means of the titers. 

As dilutions below 1:4 were not made in the experi- 

ments, the true titers of fluids which did not cause 

complete hemagglutination at this dilution were not deter- 

mined. In some fluids there may or may not have beer 

sufficient hemagglutinin to cause complete heniagglutination 

i_n the undiluted fluids or at the 1:2 dilution. Those 

fluids which did not show conmiete hemagglutination at 

the 1:4 dilution, but which did show a high degree of 

partial hemagglutination, were arbitrarily assigned a 

titer of 2 for purposes of calculating geometric means. 

Fluids showing negligible hemagglutinin at the 1:4 dilution 

were arbitrarily assigned a titer of i for purposes of 
calculating geometric means. The following example shows 

a representative statistical comparison of two means. 
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TABLE i 

Statistical comparison of virus hemagglutinin present in 
tissue cultures containing L-canavanine and DL-p--f luoro- 
phenylalanine with cultures containing no compounds. 

(A sample statistical aaiysis) 

Group I (treated) 

Culture Hemagglutinin log10 of Deviation Deviation 
No. titer titer from mean _sguared 

i 10 1.0000 0.0389 0.0015 
2 4 0.6021 0.4366 0.1908 
3 4 0.6021 0.4368 0.1908 
4 4 0.6021 0.4368 0.1908 
5 40 1.6021 0.5632 0.3172 
6 20 1.3010 C..262l 0.0687 
7 20 1.3010 0.2621 0.0687 
8 20 1.3010 0.2621 0.0687 

8.3114 

Group II (untreated) 

1 40 1.6021 0.0283 0.0008 
2 40 1.6021 0.0283 0.0008 
3 30 1.4771 0.1533 0.0235 
4 60 1.7782 1.1478 0.0218 
5 40 1.6021 0.0283 0.0008 
6 30 1.4771 0.1533 0.0235 
7 80 1.9031 0.2727 0.0744 

40 1.6021 0.0283 0.0008 
13.0439 



31 

TABLE 1 (continued) 

Mean of Group I 1.0389 
Mean of Group II = 1.6304 
Sum of squared deviations, Group I = 1.0972 
Sum of squared deviations, Group II 0.1464 
Combined sum of squares = 1.2436 
Sum of degrees of freedom = (8-1) + (8-1) = 14 
Estimated standard deviation = 

±'ì3 ± 0.29805 

Standard error of difference between means = 

f\J.29805)2 + (0.29805)2 = ± 0.1593 
V vr ) ( f7 ) 

Difference between means = 0.5915 

Difference between means = = 3.713 
Std. error of difference 

1. Hemagglutinin titers are expressed as the recipro- 
cals of the dilutions of tissue culture fluids 
causing complete agglutination of chicken erythro- 
cytes. 

2. The "t" value for this comparison was 3.713. Fish- 
er's table of "t" lists a value of 2.145 for 14 
degrees of freedom at the 0.05 probability level, 
indicating that the difference between the means 
of Groups I and II are significant at this level. 
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I3XPER IMENTAL RBSULTS 

Jawetz (24, p. 95), in working with combined cherno-. 

therapy of bacterial infections, hai. .lescribed four ef-. 

fects which may be noted when two antimicrobial agents 

act simultaneously on the same microbial population: 

(I) If the combined action is no greater than that of 

the more effective agent when used alone, the effect is 

indifference. (2) If the combined action is equivalent 

to the sum of the actions of each drug when used alone, 

the effect is addition. (3) The effect is synergism 

when the coibined action is significantly greater than 

the sum of both individual effects. (4) If the combined 

action is less than that of the more effective agent when 

used alone, the effect is one of antagonism. These 

criteria lend themselves well to the study of combined 

action of antiviral inhibitors. Klein (25, pp. 454-465) 

has defined synergism as the effect obtained ;hen the 

activity of 2 drugs in combination is greater than that 
obtained by doubling the concentration of one of the 

compounds alone. Synergism can also be more broadly de- 

fined as a significantly inhibitory effect of a mixture 

of compounds at concentrations of the compounds which 

give insignificant effects when used alone. 
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Preliminary Testing of Inhibitor Pairs 

The first phase of these investigations consisted of 

preliminary testing of a number of Dairs of compounds 

known to be inhibitory individually for virus development 

in order to determine the nature of the inhibitory activ-. 

ity of the combinations. The combinations were tested in 

chick embryo chorioallantoic membrane tissue cultures in 

the manner previously described, using Lee influenza virus. 

The virus inoculum for all of the following tissue culture 

experiments was 0.1 ml/culture of a 1:100 dilution of the 

appropriate stock. This inoculum was designed to give 

a final virus concentration of about 2500 E1D50/ml of 

tissue culture fluid, but through variation among differ- 

cnt virus stocks and changes in infectivity associated 

with aging of the stocks, the actual virus inocula in the 

experiments varied from 1000 to 5000 E1D50/ml. Test corn- 

pounds were dissolved directly in nutrient solution and 

filter sterilized. The various pairs were arbitrarily 

chosen, the only criterion being that the individual 

components show some degree of inhibition of virus de- 

velopment in tissue culture, at a concentration non toxic 

to the tissue. 

The results shown in Table 2 demonstrate that, of the 

16 combinations tested in a preliminary way, only three 

showed effects which were more than additive, while the 
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majority of the pairs gave no corabined effect. L-Canav- 

anine plus benzimidazole, L-canavanine plus DL-3-phenyl- 

serine, and DL-ß-phenylserine plus benzimidazole gave 

combined effects which were more than additive. These 

three combinations were selected for further study. 

Combined Effect of L-Canavanine and Benz imidazole 

L-Canavanine, an antimetabolite antagonist cf arginine, 

and benzimiciazole, thought to be an antagonist of purines, 

were studied on the basis of having given a synergistic 

effect on the inhibition of influenza virus in preliminary 

tissue culture tests. The two compounds were tested both 

singly and in combination using the tissue culture-virus 

system described previously. The results of these expior- 

ations are showii in Figure 1. Here it can be seen that 

L-canavanïne, at a concentration of 0.025 mg/ml in the 

tissue culture fluid, reduced the virus heagglutinin 

titer to 41, compared to a control value of 81. The 

difference between titers is not statistically significant. 
i3enzimidazole, at a concentration of 0.15 mg/nil in the 

tissue culture fluid gave a titer of 70, approaching the 

control value. These two concentrations combined, however, 

reduced the hemagglutinin titer to 12, or about 15 per 

cent of the control value. This reduction in titer ob- 

served with the combination represents a synergistic 

activity of the two compounds. The addition of an 



TABLE 2 

Effect of various pairs of inhibitors on the development of influenza virus in 
tissue culture 

Combination 

- 
Mg/ml in 

Inhibitory 
ilixture 

iiA Units/mi 
With Single 

Compound 

of Culture 
With 

Ìvlixture 

Fluid* 
Control Bffect** 

DL-p-Phenylserine + 0.1250 61 12 163 S 
Benzimidazole 0.2500 115 

L-Canavanine + 0.0063 82 44 126 I 
2-1)esoxy-d--glucose 0.0063 49 

DL--Pheny1serine + 0.0250 134 10(T) 9U T 
Lupulon 0,0025 95 

L-Canavanine + 0.0500 134 67 180 I 
Lupulon 0.0050 40(T) 

DL-3-Phcny1serine + 0.2500 
l,3-i)ioxo-2--isoindoline 

: 160 I 

hexanoic acid 0.2500 113 

L.-Canavanine + 0.1000 13 
1,3-Dioxo2-isoindo1ine 24 80 I 

hexanoic acid 0.5000 16 

L-Canavanine + 0.1000 57 
5-a,a-Dichloro- 2(T) 127 T 
acetamidouracil 0.1000 34 tJ 



Table 2 (continued) 

Combination Mg/ml in HA Units/mi of Culture Fluid* 
Inhibitory ith3ingle With Control .i3ffect** 
Mixture Compound Mixture 

DL--Phenylserine + 0.1250 34 
5-a,a-Dichloro- il. 113 I acetarnidouracil 0.0500 15 

Benzimidazole + 1.0000 1(T) 
5-3,ç-Dich1oro- 1(T) 57 T acetamidouracil 0.1000 2 

L-Canavanirie + 0.1000 16 26 l6 I Galactosamine 0.2000 57 

L.-Canavanine + 0.1000 50 
DL-Alanyl-DL-serine 0.5000 80 20 92 A 

L.-Canavanine + 0.0250 41 12 81 S Benzirnidazole 0.1500 70 

DLsp-Pheny1scririe + 0.2500 20 11 i 2-Desoxy-d--glucose 0.1000 28 

I)L-ç3-Phenylserine + 0.1250 134 67 3U0 A Galactosamine 0.1000 323 

L-Canavanine 0.0250 59 18 122 S DL--Phenylserine 0.0500 91 

L..Canavanine + 0.1000 34 1(T) 127 T 
6-Beuzylaminopurine 0.1000 48 

f') 
o' 



Table 2 (continued) 

*HA Units Hemagglutinin units of virus calculated from the geometric means of 
replicate cultures in i or more experiments. The heniagglutinin titer is the 
reciprocal of the highest diution of tissue culture fluid giving complete 
agglutination of chicken erythrocytes. 

** S = Synergism; I = Indifference; A = Addition; T = Compound or mixture was 
toxic to tissues at the indicated concentrations. Toxicity alone probably 
accounts for the apparent inhibition of virus development. 



FIGURE 1 

Combined effect of L-canavanine and benzimidazole on the 
development of Lee influenza virus in tissue culture 

1. Hemagglutinin titers are expressed as the highest 
dilutions of tissue culture fluids giving complete 
agglutination of chicken erythrocytes. 

2. Each point represents the geometric mean of the 
hemagglutinin titers of eight tissue cultures in 
the compound groups and twelve tissue cultures in 
the control. 
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ineffective level of benzimidazole to a threshold level 

of L-canavanine gives a significant enhancement of inhibi- 

tion. The reduction in titer observed with the lowest 

effective concentrations of the pair is greater than that 

obtained by doubling the concentration of benzimidazole 

alone. Thus, all of the previously described criteria 

for synergisi have been satisfied by this conbination. 

Combined Effect of L-Canavanine and DL--Phenylserine 

3-Phenylserine, a structural analog and antagonist of 

henylalanine, and L-canavanine were studied in a similar 

manner. The results, as shown in Figure 2, indicate a 

synergistic effect of the combined inhibitors. It is clear 

frofl the dose-response curves of the combination and the 

individual compounds that the trend of inhibition is con- 

sistently greater with the combination than with either 

inhibitor alone. L-Canavanine, at a concentration of 

0.025 mg/ml in the tissue culture fluid reduced the hemag- 

glutinin titer of the virus to 59, compared with a control 

value of 122, an effect which lies on the threshold of 

significant inhibition. 3-Phenylserine, at a concentra- 

tion of 0.05 mg/nil, reduced the hemagglutinin titer to 

91, a titer not significantly lower than the control 

titer, whereas the compounds combined at these two con- 

centrations reduced the hemagglutinin titer to 18, a 
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FIGURE 2 

Combined effect of L-canavanine and DL--pheny1serine on 
the development of Lee influenza virus in tissue culture. 

1. Hemagglutinin titers are expressed as the highest 
dilutions of tissue culture fluids giving complete 
agglutination of chicken erythrocytes. 

2. Each point rerresents the geometric mean of the 
hemagglutinin titers of eight tissue cultures in the 
compound groups and twelve tissue cultures in the 
control. 
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significant enhancement of the inhibitory effect. Thus, 

the addition of DL-13-phenylserine at a concentration which 

was ineffective alone, to a threshold concentration of 

L-canavanine, produced a significant augmentation of virus 

inhibition. Doubling the concentrat lori of DL--phenyl- 

serine did not reduce the hemagglutinin titer to the same 

extent as the combination at the levels described. Here 

again, all criteria for synergism can be applied to the 

combined effect obtained with these two co!pounds. 

DL-henylserine and l3enzimidazole 

The results obtai.ned with combinations of DL--phenyl- 

serine and benzimidazole in the previously described tissue 

culture-virus system are shown in Table 3. DL-3-phenyl- 

serine at a concentration of 0.125 mg/ml in the tissue 

culture fluid lowered the virus hemagglutinin titer to 

37.4 per cent of the control value, while benzimidazole 

at a concentration of 0.25 mg/ml gave a titer 70.6 per 

cent of the control. Statistical analysis by the Student's 

"t" test (15, pp. 153-157) reveals that, within the limits 

of the experiment, the hemagglutinin titers must be no 

higher than 25 per cent of the control for significance. 

These two concentrations combined lowered the titer to 

only 7.4 per cent of the control, a significant reduction. 

It can be seen that all three of the previously establish4d 

criteria for synergism can he applied to this combination. 
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TABLE 3 

Combined effect of DL-ç-phenylserine and benzimidazole 
on the development of influena virus in tissue culture 

Compound or Concentration Per cent of 
Mixture in mi/ml control HA ti,ter* 

DL-ç3_Phenylserine 0.5000 1.2 

T? 0.2500 18.4 

0.1250 37.4 

Benziridazole 1.000 0.6 

0.5000 28.2 

I? 0.2500 70.6 

DL-p-Phenylserine + 0.1250 7.4 
Bexizimidazole 0.2500 

DL--Phenylserine + 0.0625 40.5 
Benzimidazole 0. 1250 

DL-ç3-Phenylserine + 0.0313 56.4 
Benzimidazole 0.0625 

Each percentage value was calculated from the geomet- 
nc mean of the hemagglutinin titers of 6 tissue cul- 
tures. 

*Hemagglutinin titers are expressed as the reciprocals 
of the highest dilutions of tissue culture fluids 
giving complete agglutination of chicken erythrocytes. 



The combination of ineffective concentrations of the 

compounds resulted in a significant effect which was 

greater than would be expected from simple addition of 

the individual effects, and also greater than the effect 

obtained by doubling the concentration of benzimidazole 

alone. 

Combined Effects of Selected Pairs of Influenza Virus 
Inhibitors 

Since preliminary testing of various inhibitor pairs 

revealed that the combinations showing synergistic effects 

contained either two amino acid analogs or one amino acid 

analog with benzimidazole, it was of interest to explore 

the inhibitory effect of other combinations involving com- 

pounds known to exert antimetabolite effects. A number of 

such combinations were selected for investigation, using 

the same tissue culture-virus system previously described. 

L-Canavanìne and DL-p-F luor ophenyla Ian inc 

DL-p-Fluorophenylalanine, a structural analog and 

aiìtagonist f phenylalanine, was tested in combination 

with L-canavanine. The results, shown in Figure 3, indi- 

cate that the two amino acid analogs showed effects which 

were more than additive. L-canavanine, at a concentration 

of 0.0125 mg per ml of tissue culture fluid, reduced the 

virus hemagglutinin titer from a control value of 196 to 
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FIGURE 3 

Combined effect of L-canavanine and DL-p-f luorophenylala- 
nine on the development of Lee influenza virus in tissue 

culture 

1. Hemagglutinin titers are expressed as the highest 
dilutions of tissue culture fluids giving complete 
agglutination of chicken erythrocytes. 

2. Each point represents the geonietric mean of the 
hemagglutinin titers of eight tissue cultures in the 
compound groups, and twelve tissue cultures in the 
control. 
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105, a difference not statistically significant within the 

limits of the experiments. DL-p-Fluorophenylalanine at 

this same concentration reduced the titer to 67, a 

threshold effect. These two concentrations combined gave 

a titer of 19, about 10 per cet of the control value. 

This combination satisfied the criteria for synergism on 

the same basis as described for the previously studied 

synergistic combinations. 

L-Canavanine and DL-m-Tyrosine 

Combinations of L-canavanine and DL-m-tyrosine, a 

structural analog of tyrosine and phenylalanine, were 

similarly examined for inhibitory activity against influ- 

enze virus development. The results are shown in Figure 4, 

where it can be seen that definite synergistic effects are 

obtained when the two inhibitors are combined. DL-m- 

tyrosine, at a concentration of 0.0 625 mg/ml in the tissue 
culture fluid, gave a hemagglutinin titer which was 79 

per cent of the control value, while L-canavanine at 0.0125 

mg/ml gave 72 per cent of the control titer. These two 

concentrations co;bined reduced the titer to only 17 per 

cent of the control, a statistically significant enhance- 
ient of the inhibitory effect. Examination of the dose- 

response curves reveals a trend of virus inhibition con- 

sistently greater with the combination than with the 



FIGURE 4 

Combined effect of L-canavaninc ar DL-m-tyrosine on the 
development of Lee influenza virus in tissue culture 

1. Hemaglutinin titers are expressed as the reciprocals 
of the highest dilutions of tissue culture fluids 
giving complete agglutination of chicken erythrocytes. 

2. Each percentage point was calculated from the geometric 
mean of eight tissue cultures in the compound groups 
and twelve tissue oultuies in the control. 
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individual components. In this instance at least two 

of the previously established criteria for synergism have 

been satisfied. The combined effect of the two compounds 

is reater than the expected sum of the individual effects, 

and, also, a siiificant inhibition results when two inef- 

fective concentrations of the compounds are combined. 

DL-ß-Phenylserine and DL-p-Fluorophenylalanine 

Table 4 shows the results obtained when DL-p-f luoro- 

phenylalanine is combined with DL-ç3-phenylserine in tissue 

cultures infected with influenza virus. Tissue cultures 

containing 0.0625 mg of DL-p-phenylserine per ml of fluid 

gave a hemagglutinin titer of 20, compared with a control 

titer of 63. This reduction in titer is not statistical- 

ly significant ami can be considered a threshold inhibi- 

tion. DL-p-Pluorophenylalanine, at a concentration of 

0.0063 mg/ml brought the titer down to 39, an insignificant 

degree of inhibition. These two concentrations combined 

reduced the virus yield to lo, slightly niore than 6 fold 

lower than the control value. The criteria previously 

established for synergism can be applied to the combina- 

tion of these two compounds. 

DL--Pheny1serine and DL-m-Tyrosine 

The results shown in Figure 5 irdicate that, when two 

ineffective levels of DL-3-phenylserine and DL-m-tyrosine 
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TABLE 4 

Combined effect of DL--pheny1serine and DL-p-Fluorophenyl- 
alanine on the development of influenza virus in tissue 

culture. 

Compound or Concentration Per cent of virus 
mixture in tng/ml HA titer in control* 

DL-ç3-Phenylserine 0.2500 1.6 

0.1250 3.2 

0.0625 31.8 

U 0.0312 57.1 

DL-p-Fluor Dphenylalanine 0.0250 14.3 

0.0125 57.1 

U 0.0063 61.9 

t? 0.0031 71.5 

DL--Phenylserine + 0.1250 3.2 
DL-p-Fluorophenylalanine 0.0125 

DL--Phenylserine + 0.0625 15.9 
DL-p-Fluor ophenylalan me 0.0063 

DL-3-Phenylserine + v.0312 31.8 
DL-D-Fluorophenylalanine 0.0031 

DL--Phenylserine + 0.0156 84.4 
DL-p-Fluorophenylalanine 0.0016 

Each percentage value was calculated from the geometric 
mean of 8 tissue cultures per compound group and 12 tisste 
cultures in the control group. 

*Hemagglutinin titers are expressed as the reciprocals of 
the highest dilutions of tissue culture fluids giving 
complete agglutination of chicken erythrocytes. 
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FIGURE 5 

Combined effect of DL-t-phenylserine and DL-m-tyrosine on 
the development of Lee influenza virus in tissue culture. 

1. Hemagglutinin titers are exrressed as the reciprocals 
of the highest dilutions of tissue culture fluids 
giving complete agglutination of chicken erythrocytes. 

2. Each point represents the geometric mean of the iag- 
glutinin titers of eight tissue cultures in the com- 
pound groups, and twelve tissue cultures in the control. 
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are combined, synergistic activity results. 0.15 mg of 

DL-ç-pheny1serin; and 0.0625 mg of DL-rn-tyrosine er ml 

of tissue culture fluid gave hemagglutinin titers of 75 

and 109, rest)ectively, compared with a control value of 97. 

These titers are not significantly different froi the 

control. When these two concentrations were combined the 

titer was reduced to 6, a highly significant enhancement 

of the inhibitory effect. All of the stated criteria for 

synergism can be applied to this mixture. Neither of the 

conr'ntrations of the compounds are effective alone; the 

sum of the individual effects could not be expected to 

give the same degree of inhibition obtained with the com- 

bination; and doubling the concentration of DL-m-tyrosine 

fai lei to lower the hemagglutinin titer of the virus to a 

value equivalent to that of the combination. 

Benzimidazole and DL-m-Tyrosine 

Benzimidazole and DL-m-tyrosine were similarly 

examined for possible synergistic activity. The results 
of these tests are shown in Table 5. Here it can be seen 

that the results obtained with this mixture do not satisfy 

all of the three criteria for synergism. These two corn- 

pounds combined at concentrations of 0.3 mg of benzirnidazole 

and 0.125 mg of DL-m-tyrosine per ml in the tissue culture 

fluid reduced the virus hetnagglutinin titer to 10.7 per 

cent of the control value. l3enzimidazole alone at J.3 
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TABLE 5 

Combined effect of benzimidazole and DL-tn-tyrosine on 
the deve1orment of influenza virus in tissue culture 

Compound or Concentration Per cent of 
mixture in mg/ml control HA titer 

Benzimidazole 0.6000 2.3 

U 0.3000 75.5 

U 0.1500 92.4 

0.0750 94.5 

DL-m--tyrosine 0.2500 14.3 

0.1250 62.2 

0.625 E8.6 

0.0313 77.3 

Benzimidazole + 0.3000 10.7 
DLrrn-tyros me 0.1250 

Benzimivazole + 0.1500 100.5 
DL-m-tyrosine 0.0625 

Benzimidazole + 0.0750 114.4 
DL-m-tyrosine 0.0313 

Bach percentage value was calculated from the geomet- 
ric mean of 8 tissue cultures r'er compound group and 
12 tissue cultures in the control. 

The hemagglutinin titers are expressed as the recip- 
rocals of the highest ditutions of tissue culture 
fluids giving complete agglutination of chicken 
er ythr oc yte s 
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mg/ml was ineffective, giving a titer 75.5 per cent of 

the control, and DL-m-tyrosine, at a concentration of 0.125 

mg/ml was also ineffective, giving a titer 62.2 per cent 

of the control. Thus, combining ineffective levels of the 

two compounds did produce a significantly inhibitory effect. 

Doubling the concentration of either of the inhibitors 

alone, however, did lower the virus titer to a value not 

significantly different fr031 that obtained with the 

mixture; therefore Klein's criterion cannot be applied. 

In any case, however, a marked additive effect is evident. 

L-Canavanine and Ribonuclease 

The interesting observation that ribonuclease is 

inhibitory for the development of influenza virus in chick 

embryo tissue culture (27, 578.-579) posed the question of 

whether combining this compound with an antimetabolite 

would result in synergistic activity against virus develop- 

ment. The mixture of ribonuclease and L-canavanine was 

studied in the same tissue culture-virus system utilized 

for the previously described experiments. The dose- 

response curves shown in Figure 6 reveal that the trend 

of the inhibitory effect is consistently somewhat greater 

with the mixture than with the individual compounds. L- 

Canavanine, at a concentration of 0.0063 mg/ml in the 

tissue culture fluid, gave a virus hemagglutinin titer of 

96, and ribonuclease at a concentration of 0.05 mg/ml 
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FIGURE (D 

Combined effect of L-canavanine and ribonuclease on the 
development of Lee influenza virus in tissue culture 

1. Hemagglutirin titers are expressed as the highest 
dilutions of tissue culture fluids giving complete 
agglutinat ion of chicken erythr ocytes. 

2. Each point represents the geometric mean of the 
hernagglutinin titers of eight tissue cultures in 
the compound groups and twelve tissue cultures in 
the control. 
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gave a titer of 120, compared wih a control value of 140. 

These two concentrations combined lowered the titer to 40. 

This reduction in titer is on the borderline of signifi- 

cance with respect to the control value, but is not sig- 

nificantly different statistically from either of the 

individual compound values within the limits of the 

experimental data. The same situation is evident with a 

two-fold increase of the concentrations of the two corn- 

pounds, both alone and combined. It does not appear from 

these results that the nature of the combined effect of 

these two compounds is synergistic, but he possibility 

remains that the combined effect may actually be a syner- 

gistic one which cannot be statistically shown because of 

insufficient replication in the data. From the data shown, 

the combined effect appears to be one of marked addition. 

DL-p-Fluorophenylalanine and Ribonuclease 

Combinat ions of DL-p-f luorophenylalanine and r ibonu- 

clease were simiLarly examined for possible synergistic 

effects. The results of this examination are shown in 

Table 6. DL-'-fluorophenylalanine at a concentration of 

0.0125 mg/ml in the tissue c'ilture fluid gave a virus 

hemagglutinin titer 38.0 per cent of the control value, 

while ribonuclease at 0.2 mg/ml gave a titer 40.3 per 

cent of the control Neither of these differences is 
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TABLE 6 

Óombined effect of DL-p-fluorophenylalanine and 
ribonuclease on the development of influenza 

virus in tissue culture 

Compound or Concentration Per cent of 
mixture in mg/ml control FIA titer 

DL-p-Fluor ophenylalan me O. 0125 36.0 

1? 0.0063 90.3 

0.0031 93.0 

0.0016 136.2 

Ribonuclease 0.2000 40.3 

0.1000 45.1 

it 0.0500 44.4 

0.0250 106.2 

DL-p-Fluorophenylalanine + 0.0125 2.3 
Ribonuclease 

DL-p-Fluorophenylalanine + 0.0063 16.9 
Ribonuclease 0.1000 

DL-p.-Fluorophenylalanine + 0.0031 44.4 
Ribonuclease 0.0500 

DL-p-Fluorophenylalanine + 0.0016 49.2 
Ribonuclease 0.0250 

Each percentage value was calculated from the geometric 
mean of 8 tissue cultures per compound group and 12 tissue 
cultures in the control group. 

Hemagglutinin titers are expressed as the reciprocals of 
the highest dilutions of tissue culture fluids giving 
complete agglutination of chicken erythrocytes. 
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statistically significant. These two concentrations corn- 

biiied lowered the virus titer to 2.3 per cent of the con- 

trol value, a highly significant enhancement of the inhib-- 

itory effect. This reduction in titer with the combination 

is much greater than would be expected from simple addition 

of the individual effects. Experience with DL-p-f luoro- 

phenylalanine, however, has revealed that 0.025 mg of this 

conmound per ml of tissue culture fluid produces signifi- 

cant inhibition, so Kleir.'s criterion for synergism can- 

not be applied with certainty to this combination. The 

other criteria aré satisfied. 

Combined Effects of Selected Mixtures of Three Inhibitors 

on Influenza Virus Development in Tissue Culture 

The observation that, with certain pairs of influenza 

virus inhibitors, there is a definite synergistic activity 

in inhibition of virus development led to the question of 

whether addition of a third inhibitor to an active pair 

would result in still further enhancement of the inhibi- 

tory effect. pairs of inhibitors which gave marked corn- 

bined effects were selected and combined with a third 

inhibitor, which had also shown activity both alone and as 

a member of an inhibitor pair. To apply the criteria for 

synergirn previously stated for a two-inhibitor mixture, 

it is necessary only to compare the effects obtained with 
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the inhibitor pair with those obtained with the three- 

compound mixture in the same manner. These investigations 

were carried out in the same chick embryo tissue culture-- 

Lee influenza virus system previously described. 

L-Canavanine, Benzimidazole, and DL--Phenylserine 

The results in Figure 7 reveal the nature of the 

inhibitory effect when mixtures of these three compounds 

were tested for possible synergistic activity. The dc- 
response curves show a consistently greater trend of in- 

hibition with the three-inhibitor mixture than with the 

mixture of L-canavanine and benzimidazole in the absence 

of DL--phenylserine. The mixture of L-Canavanine and 

benzi.midazole, at concentrations of 0.0063 and 0.0375 

mg/tul, respectively, in the tissue culture fluid, gave a 

virus hernagglutinin titer of 68, compared with a control 

value of 110. This difference is statistically insig- 

nificant. Addition of DL-3-phenylserine, at a concen- 

tration of 0.0375 mg/mi, to :his mixture lowered the titer 

to 25, a significant degree of inhibition. Repeated ex- 

periments with DL-3-phenylserine have shown that this con- 

centration of the compound is not inhibitory for virus 

development. Thus, the addition of an ineffective concen- 

tration of DL--phenyiserine to an ineffective level 

of the L-canavanine-benzimidazolepair resulted in sig- 

nificant inhibition of virus development. On the basis 
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FIGURE 7 

Combined effect of L-canavanine, benzimidazole, and DL- 
-phenylserine on the development of Lee influenza virus 

in tissue culture 

1. Hemagglutinin titers are expressed as the highest di:ions of tissue culture fluids giving complete 
agglutination of chicken erythrocytes. 

2. Each ooint represents the geometric mean of the 
hemagglutinin titers of eight tissue cultures in the 
'mrciund groups and twelve tissue cultures in the 
control. 
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of this criterion, the effect of the 3 component mixture 

appears synergistic. A two-fold increase in the concen- 

trations of the three inhibitors combined resulted in still 

further enhancement of the inhibitory effect. 

L-Canavanine, DL-p-Fluorophenylalanine, and Ribonuclease 

Since combinations of L-canavanine plus DL-p-f luoro- 

phenylalanine, L-canavanine plus ribonuclease, and DL-p- 

fluorophenylalanine plus ribonuclease all showed marked 

combined effects on the inhibition of influenza virus 

development in tissue culture, it was of interest to 

determine whether further enhancement of the inhibitory 

effects would result from a combination of the three. 

The results of these investigations, utilizing the previ- 

ously described tissue culture-virus system, are shown in 

Table 7. 1-lere it can be seen that L-canavanine, at a con- 

centration of 0.0063 mg/ml in the tissue culture fluid, 

combined with DL-p-fluorophenylalanine at a concentration 
of 0.0063 mg/ml gave a virus hemagglutinin titer 47.5 

per cent of the control value, a statistically insignif- 

icant reduction in titer. Ribonuclease, at a concentration 

of o.2 mg/ml did not show a significant degree of in- 
hibition, giving a virus titer 50.0 per cent of the control. 

Addition of this level of ribonuclease to the above mixture 

of L-canavanine and DL-p-fluorophenylalanine, however, 

did result in significant inhibitory effects on virus 
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TABLB 7 

Combined effect of L-canavanine, DL-p-f luorophenylalanine 
and ribonuclease on the development of influenza virus in 

tissue culture 

Compound or Concentration Per cent of 
mixture in mg/ml control HA titer 

L-Canavanine + 0.0250 5.5 
DL-p-Fluorophenylalanine 0.0250 

L-Canavanine + 0.0125 11.1 
DL-p-Fluorophenylalanine 0.0125 11.1 

L-Canavanine + 0.0063 47.5 
DL-p-Fluorophenylalanine 0.0063 

L-Canavanine + 0.0031 89.9 
DL-p-Fluorophenylalanine 0.0031 

L-Canavanine + 0.0016 100.0 
DL-p-Fluoroohenylalanine 0.0016 

Ribonuclease 0.4000 35.3 

u lì r .j;jj .J'J.L/ 

't 0.1000 70.1 

T? 0.0500 88.2 

L-Canavanine + 0.0063 
DL-p-F.luorophenyialanine + 0.0063 15.2 
Ribonuclease 0.2000 

L-Canavanine + 0.0031 
DL-p-Fluorophenylalanine + 0.0031 43.4 
Ribonuclease 0.1000 

L-Canavanine + 0.0016 
DL-p-Fluorophenylalanine + 0.0016 39.4 
Ribonuclease 0.0500 
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Table 7 (continued) 

Each percentage value was calculated from the geometric 
mean of 8 tissue cultures per compound group and 12 tissue 
cultures in the control group. 

Hemagglutinin titers are expressed as the reciprocals of 
the hhest dilutions of tissue culture fluids giving 
complete agglutination of chicken erythrocytes. 



development, lowering the hemagglutinin titer to a value 

only 15 per cent of the control value. Thus, addition of 

an ineffective concentration of ribonuclease to an inef- 

fective level of the amino acid pair resulted in signifi- 

cant inhibition of virus development. On this basis the 

nature of th inhibitory effect obtained with this mixture 

appears to be synergistic. 

DL--Phylser Inc , DL-m-Tyros inc , arid nL-p-Fluorophenyl- 

alanine 

Since both -pheny1serine and p-fluorophenylalanine 

have been reported to be antagonists of phenylalanine 

(2, pp. 437-450; 13, pp. 66-73; 20, pp. 201-221; 27, p. 

l-27; 35, t,p. 378-391; 53, p. 676-698) and the structural 

similarity of the m-tyrosine molecule to phenylalanine 

made it reasonable to suppose a similar action, it was of 

interest to determine whether a combination of three ana- 

logs would result in enhanced inhibitory activity for influ- 

enza virus development in the previously described tissue 

culture system. The results of this investigation are 

shown in Table 8. Here it can be seen that DL-- 

phenylserine and DL-.tyrosine, combined at concentrations 

of 0.u375 and 0.0156 mg/ml respectively in the tissue 
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TABLE 8 

Combined effect of DL-pphenylserine, DL-m--tyrosine, and 
DL-p-f luorophenylalanine on the development of influenza 

virus in tissue culture 

Compound or Concentration Per cent of 
mixture in mg/ml control i-iA titer 

DL-3-Phenylserine 0.1500 7.7 
DL-m-Tyrosine 0.0625 

DL-p-Phenylserine i- 0.0750 50.7 
DL-m-Tyrosine 0.0313 

DL-3-Pheny1serine 0.0375 73.0 
DL-m-Tyrosine 0.0156 

DL-13-Phenylserine 0.0188 102.9 
DL-m-Tyrosine 0.0078 

DL--F1uoropheny1a1anine 0.0125 38.0 

1 

0.0063 90.3 

t, 
0.0031 93.0 

t' 
0.0016 136.2 

DL-3-Phenylserine 0.0750 
DL-mTyrosine + 0.0313 4.6 
DL-p-Fluorophenylalan hie 0.0125 

DL-p-Phenylserine + 0.0375 
DL-m-Tyrosine + 0.0156 19.9 
DL-p-Fluorophenylalanine 0.0063 

DL3_Dheny1serine + 0.0188 
DL-rn-Tyrosine + 0.0078 53.8 
DL-p-Fluorophenylalanine 0.0031 

DL-3-Phenylserine + 0.0094 
DL-m-Tyrosine + 0.0039 85.4 
DL-p-Fluorophenylalanine 0.0016 

i 



71 

Table 8 (continued) 

Each percentage value was calculated from the geometric 
mean of 8 tissue cultures per compound group and 12 tissue 
cultures in the control group. 

Hernagglutinin titers are expressed as the reciprocals of 
the highest dilutions of tissue culture fluids giving 
complete agglutination of chicken erythrocytes. 
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culture fluid, gave a virus hemagglutinin titer equivalent 

to 73.0 per cent of the control. DL-p-fluorophenvlalanine, 

at a concentration of 0.0063 mg/mi, gave a titer of 90.3 

per cent of the control value. When these ineffective 

levels were combined, the virus titer was reduced to 19.9 

per cent of the control value, a statistically significant 

inhibitory effect. Doubling the concentrations of the pair 

resu1tI in further reduction of the virus titer to 50.7 per 

cent of the control, a reduction not significantly differ- 

cnt from that obtained with the three component mixture 

within the limits of the data; however, it might well be 

statistically shown if sufficient replications were used. 

The effect obtained with the three component mixture is 

greater than the expected sum of the indivic1ual effects, 

so it is apparent froci these data that the combination 

of thes three amino acids does results in syn':istic ac- 

tivity against virus development in the tissue culture. 

Combined Effects of Selected Mixtures of Four Inhibitors on 

Influenza Virus Development in Tissue Culture 

The observation that addition of a third inhibitor to 

an inhibitor pair enhanced the inhibitory effect upon virus 

development made it of interest to determine whether corn- 

bixiing a fourth inhibitor with three component mixture 
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would result in still further augmentation of the inhib- 

itory effect. Three coriponent mixtures which had shown 

synergistic activity were chosen for combination with a 

fourth copound. These investigations were carried out 

utilizing the tissue culture method previously described. 

L-Canavanine, Benzimidazole, DL-Ç-Phenyiserine, and 

DL-m-Tyros me 

In Figure 8 can be seen the results obtained when var- 

jous concentrations of L-canavanine, beuziuidazoie, DL-- 

phenylserine, and DL-m-tyrosine were tested in combination 

for inhibition of virus development in tissue culture. L-- 

canavanine, benziinidazole , and DL-3-pheiìylserine, combined 

at concentrations of 0.0063, 0.0375, and 0.0375 mg/ml re- 

spectively in the culture fluid, gave a virus hemagglutinin 

titer 57.9 per cent of t1 control, while DL-m-tyrosine, 

at a concentration of 0.0313 mg/ml gave a value of 92.1 

er cent. Thus, both of these concentrations then were 

ineffective. Combining these concentrations of the four 

inhibitors reduced the titer to 7.2 per cent of the control, 

a significant1y inhibitory effect. Doubling the concentra- 

tion of F'L-;i-tyrosine still failed to produce significant 

virus inhibition. The inhibitory effect obtained with the 

four component mixture is greater than the expected sum of 

the three component and DL-m-tyrosine effects. It is evi- 

dent from these results that the augmentation if the 
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FIGURE 8 

Combined effect of L-canavanine, benzimidazole, DL-ç- 
Dhenylserine, and DL-m.-tyrosine on the development of 

Lee influenza virus in tissue culture 

1. Hemagglutirìin titers are expressed as the recipro- 
cals of the highest dilutions of tissue culture fluids 
giving complete agglutination of chicken erythrocytes. 

2. Percentage points were calculated from the geometric 
means of 32 tissue cultures in the DL-m-tyrosine group, 

tissue cultures in the other compound groups, and 
twelve tissue cultures in the control. 
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effect by the four component mixture is synergistic in 

nature. 

L-Canavanine, Benzimidazole, DL--Pheny1serine, and DL- 

p-F luor ophenylalanine 

It can be seen from the results shown in Figure 9 that, 

when a threshold concentration of DL-t'-fluorophenylalanine 

was added to a threshold level of the L-canavanine, benzi- 

midazol.e, and DL-ç3-phenylserine mixture, a significant 

degree of inhibit ion resu lted . DL--Fluophenyla lanine, 

at a concentration of 0.0063 mg/ml in the tissue culture 

fluid lowered the virus hemagglutinin titer from a control 

value of 130 to 63, while L-canavanine, benzimidazole, and 

DL-ç3-phenylserine, combined at concentrations of 0.0063 

mg, 0.0375 mg, and 0.0375 mg/ml respectively, reduced the 

titer to 60. Both of these reductions in virus titer 

are slight and statistically insignificant. When these 

four concentrations were combined the resulting virus 

hemagglutinin titer was 21, a highly significant reduction. 

Thus, insignificantly inhibitory levels of DL-p-fluoro- 

phenylalanine and the three-component mixture produced 

significant effects when combined. On the basis of this 

criterion, the nature of this effect appears to be syner- 

gistic. 
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FIGURE 9 

Coibined effect of L-canavanine, benziîddazole, DL-p phenylserine, and DL-p-fluorophenylalanine on the de- 
veloDment of Lee influenza virus in tissue culture. 

1. Hernaggiutinin (HA) titers are expressed as the highest dilutions of tissue culture fluids giving complete ag- glutination of chicken erythrocytes. 
2. Bach point represents the geometric mean of the hemag- glutinin titers of eight tissue cultures in the corn- 

pound groups and twelve tissue cultures in the control. 
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L-Canavanine, l3enziniìdazole, DL-3-Phenylser me, and 

Ri.bonuc lease 

Similar investigations were carried out with a corn- 

bination of L-canavanine, benzirnidazole, DL-ç3-phenylser- 

me, and ribonuclease. The results of these investigations 
are shown in Figure 10. Here it can be seen that concen- 

trations of 0.0063 mg of L-canavanine, 0.0375 mg of benzi- 
midazole, and 0.0375 mg of DL-ç3-phenylserine per ml in 

the tissue culture fluid gave a virus hemagglutinin titer 
of 165, and ribonuclease, at a oncentration of O.200tì 

mg/mi, gave a titer of 163. These titers can be consider- 
ed identical with the control value of 166. Combining 

these concentrations reduced the virus titer to Oflly 15, 

a highly significant enhancement of the inhibitory effect. 
This effect is significantly greater than that obtained 
by doubling the concentrations of either ribonuclease or 

the three coinponent mixture as well as that expected from 

additive effects. ßven at the lowest levels tested, corn- 

bined effects are evident with the four comDonent mixture, 
and examination of the dose-response curves reveals that 
the trend of the inhibitory effect is consistently greater 
with the four component mixture than with either ribonucle- 
ase alone or the three component mixture. These results 
indicate strong synergistic activity with the combination 
of these four compounds. 
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FIGURE 10 

Combined effect of L-canavanine, benzirnidazole, DL-p- 
phenylserine, and ribonuclease on the development of 
Lee influenza virus in tissue culture. 

1. Hemagglutinin (HA) titers are expressed as the highest dilutions of tissue culture fluids giving complete 
agglut mat ion of chicken erythr ocytes. 

2. Each point represents the geometric mean of the hemag- glutiriln titers of eight tissue cultures in the com- 
pound groups and twelve tissue cultures in the control. 
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DL.-Ç3-Phenylscr me , DL-rn-Tyrosine, DL-p-F1u ophenyla lan the 

and L-Canavarii.ne 

It was of interest to determine whether significant 

combined effects would result when four amino acid analogs 

were tested in combination against influenza virus in 

tissue culture. The results of these investigations are 

shown in Figure ]J.. The mixture of DL-3-phenylserine, 

DL.-n1-tyrosine, and DL.-p-fluorophenylalanine, at concen-. 

trations of 0.0375 mg, 0.0156 mg, and 0.0063 mg er ml 

respectively in the tissue culture fluid reduced the virus 

hemagglutinin titer to 57.1 per cent of the control, 

while L-canavanine, at a concentration of 0.0063 mg/ml 

gave a titer 89.7 per cent of the control. Neither of the 

values are significantly different from the control value. 

When these four concentrations were combined, however, 

the resultant virus titer was only 5.83 per cent of the 

control. This reduction in titer is highly significantly 

different, both from the control value and the values ob- 

tamed with L-canavanine alone and the three component 

mixture. The combined effect is qiuch greater than could 

be expected from additive effects. Doubling the concen- 

tration of L-canavanine failed to reduce the virus titer 

to a degree equivalent to that obtained with the four 

component mixture. it is evident then that this combin- 

ation shows synergistic activity. 
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FIGURB II 
Combined effect of DL-3-pheny1serine, DL-m-tyrosine, 
DL-p-f luoropheny latan in and L-canavan me on the de- 
velopment of Lee influenza virus in tissue culture. 

1. Hetnagglutinin (HA) titers ars expressed as the re- 
ciprocals of the highest dilutions of tissue culture 
fluids giving complete agglutination of chicken 
erythrocytes. 

2. Percentage values were calculated from the geometric 
raeans of the hemagglutinin titers of eight tissue 
cultures in the compound groups, and twelve tissue 
cultures in the control. 
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Cytotoxicity Tests and Se1cjfl Measure"vnts 

It was of major interest in these investigations to 

determine whether the use of combined inhibitors would 

result in greater selectivity of action against virus de- 

velouient in tissue culture. In order to determine the 

selectivity, it was necessary to compare the concentra- 

tions of individual compounds and mixtures inhibitory for 

virus development with those toxic for host cells. Cyto- 

toxicity was measured by adding compounds or mixtures, 

dissolved in nutrient solution, to chorioallantoic membrane 

tissue fragments in roller tubes. After an incubation 

period of 44 to 46 hours at 35°C., direct microscopic ob- 

servations of cell growth were made on cultures with and 

without compounds. The lowest concentrations of compounds 

and mixtures giving complete suppression of cell growth 

under these conditions were compared with the lowest con- 

centrations giving significant inhibition of virus develop- 

ment under the conditions previously described. Selectiv- 

ity ratios were obtained by dividing the virus inhibitory 

Concentrations into the minimum toxic concentrations. The 

results of these experiments are shown in Tables 9 and 10. 

Here it can be seen that the selectivity ratios the 

individual inhibitors ranged from a minimum value of 2, 

for benzimidazole, to a ratio of 32 for ribonuclease. 

Although the minimum toxic concentrations determined 
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TABLE 9 

Selectivity of antiviral action of individual and paired 
influenza virus inhibitors 

Compound or VIC MTC MTC 
mixture mg/ml mg/ml vIc 

L-Canavanine- 0.0500 0.2000 4 

i3enzirnidazole' o.0000 1.2000 2 

DL-3-Phenylserine1 0.2000 1.2000 6 

DL.-m-.Tyrosine2 0.1250 1.0000 8 

DL-p-Fluorophenylalanine3 0.0500 1.0000 20 

Ribonuclease3 0.8000 25.6000 32 

L-Canavanine 0.0250 0.1000 
Benzimidazol 0.1500 0.6000 4 

L-Canavanine+1 0.0250 0.2000 
DL--Pheny1serine 0.0500 0.4000 8 

L-Canavanine+2 0.0125 0.2000 
DL-m-Tyrosin 0.0625 1.0000 16 

DL--Phenylserine+ 0.1500 2.4000 16 
DL-rn-Tyrosin 0.0625 1.0000 

L-Canavanine3 0.0063 0.8000 
DL-p-Fluorophenylalanine 0.0063 0.8000 128 

L-Canavanine-t- 0.0125 0.8000 
Ribonuclease 0.1000 6.4000 64 

DL-3-Phenylserine+3 0.0625 2.000 
DL-p-Fluororthenylalanine 0.0063 0.2000 2. 

DL-p-Fluoropheny3 0.0063 0.8000 
alanine + 128 

Ribonuclease 0.1000 12,8000 
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Table 9 (continued) 

1Tested against a virus inoculum of 1000 811)50 per ml. 

2Tested against a virus inoculum of 1500 EID50 per ml. 

3Testeci against a virus inoculum of 2000 EID50 per ml. 

The virus inhibitory concentration (VIC) is the minimum 
concentration giving statistically significant inhibition 
of virus development in tissue culture. 

The minimum toxic concentration (MTC) is the lowest con- 
centration giving complete suppression of growth of chick 
embryo chorloallantoic membrane cells over a period of 
44-46 hours at 35°C. 

The selectivity ratio (MTC) is the ratio of the minimum 
(VT) 

toxic concentrat ion to the virus inhibitory concentration. 
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TABLE lo 

Selectivity of antiviral action of three and four component 
mixtures of influenza virus inhibitors 

Compound or 
mixture 

VIC MTC MTC 
mg/ml mg/ml VIC 

L-Canavanine 0.0063 0.1000 
Benzimidazole + 0.0375 0.6000 16 
DL-3-Phenylserine 0.0375 0.6000 

L-Canavanine 2 0.0063 0.2000 
DL-p-Fluorophenylalanine+ 0.0063 0.2000 32 
Ribonuclease 0.2000 6.4000 

DL-3-Pheny1serine 2 0.0375 1.2000 
DL-m-Tyrosine + 0.0156 0.5000 32 
DL-p-Fluorophenylalanine 0.0063 0.2000 

L-Canavanine +3 0.0063 0.2000 
Benzimidazole 0.0375 1.2000 32 
DL--.Pheny1serine + 0.0375 1.2000 
DL-m-Tyrosine 0.0313 1.0000 

L.-Canavanine +3 0.0031 0.2000 
Benzimidazoie 0.0188 1.2000 64 
DL-p-Phenylserine + 0.0168 1.2000 
DL-p-Fluorophenylalanine 0.0031 0.2000 

L-Canavanine +3 0.0063 0.2000 
Benzimiciazole + 0.0375 L2000 32 
DL-3-Pheny1serine+ 0.i.i375 1.2000 
Ribonuclease 0.2000 6.4000 

L-Canavanine +3 0.0063 0.2000 
DL-i-Pheny1serine + 0.0375 1.2000 
DL-m-Tyrosine + 0.0156 0.5000 32 
DL-p-FluoroDhenylalanine 0.0063 0.2000 
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Table IO (continued) 

IT.9ted against a virus inoculum of 1500 EID5 per ml 

2Tested against a virus inoculum of 2000 EID50 per ml 

'Tested against a virus inoculum of 2500 EID50 per ml 

The virus iíìhibitory concentration (VIC) is the minimum 
concentration giving statistically significant inhibition 
of virus development in tissue culture. 

The minimum toxic concentration (MTC) is the lowest con- 
centration giving complete suppression of growth of chick 
embryo chorioallantoic membrane cells over a period of 
44-46 hours at 35°C. 

The selectivity ratio (MTC) is the ratio of the minimum 
(Vn) 

boxic concentration to the virus inhibitory concentra- 
tion. 
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under these conditions were approximate, since they were 

deternilned only at two-fold concentration intervals, it is 

clear that definite differences existed between the selec- 

tivities of action of the individual inhibitors and those 

of certain combinations. The highest increases in selec- 

tivity were noted with the L-canavanine, DL-p-f luorophenyl- 

alanine pair and the L.-canavanine, ribonuclease pair, boti: 

of which had selectivity ratios of 128, compared with 

individual values of 4, 20, and 32, for L-canavanine, 

DL-n -fluorophenylalanine, and ribonuclease, respectively. 

Pairs composed of L-canavanine plus benzimidazole, 

L-canavanine p lus DL-3-phenylser me , DL-3-phenylser inc ølus 

DL-p-fluorophenylalanine , DL-13-phenylserine plus m-tyrosine 

and L-canavanine plus DL-m-tyrosine failed to show Sig- 

nificantly greater selectivities of action than the indi 

vidual components. Since the values for toxicity are 

approximate, two-fold differences cannot be considered sig- 

nificant. Combining L-canavanine and ribonuclease re- 

suited in a selectivity ratio of 64. This value was a very 

marked increase over the selectivity ratio of 4 for 

L-canavanine alone, but cannot be considered significantly 

different from the ratio of 32 for ribonuclease alone. 

The addition of DL-p-phenylserine to the L-canavanine, 

benzimidazole pair resulted in a slight increase in the 

selectivity ratio. The ratio for the three componen. 



91 

mixture was 16, compared to values of 4 for the pair and 

6 for DL--pheny1serine alone. Addition of ribonuclease 
to the L-canavanine, DL--fluoropheny1alanine pair result- 

ed in a cecrease in the selectivity of action of the tair. 

The selectivity ratio of the three coìiponent mixture was 

only 32, compared to a value of 128 for both the L-canav- 

afine, DL-p-f luorophenylalanine and the DL-p-f luorophenyl- 

alaiiine, ribonuclease pairs. Addition of DL-p-fluorophenyl- 

alanine to the DL--pheny1serine, DL-m-tyrosine pair failed 

to result in increase selectivity of action overtIt obtain- 

ed with the pair. i3oth the three component mixture and 

the pair gave selectivity ratios of 32. 

Addition of DL-p-fluorophenylalanine to a mixture of 

L-canavanine, benzimidazole, and DL-3-phenylserinE re- 

suited in a selectivity ratio of 64, compared to values of 

16 for the three component mixture and 20 for DL-p-f luoro- 

phenylalanine alone. It is evident, then, that combiniag 

these four inhibitors resulted in even further increase of 

selectivity of action over that obtained with the three 

component mixture. 

The addition of ribonuclease to a mixture of L- 

canavanine, benzimidazole, and DL--pheny1serine failed 

to increase the selectivity of action of the three compo- 

net mixture. The selectivity ratio of the four component 

mixture was 32, compared to values of 16 for the three 
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cotmonent mixture and 32 for ribonuclease alone. 

Addition of L-canavanine to a mixture of DL--phenyl- 

ser me, flL-m-t yros me, and DL-p-f luorophenyla lanine 

failed to increase the selectivity of action of that three 

component mixture. 

It is evident from these results that certain combi- 

nations of influenza virus inhibitors showed increases 

in the selectivities of action over those of the indi- 

vidual inhibitors. The significance of increased selec- 

tivity of antiviral action lies in the therapeutic ad-. 

vantage gained by maintaining inhibit.on of virus de- 

velopmnt at concentrations of the inhibitors which are 

far removed from those toxic for the host cells. In most 

cases the increases in the selectivity ratios represented 

decreases in the virus inhibitory concentrations without 

accompanying decreases in minimum toxic concentrations. 

Addition of ribonuclease or DL-n-fluoronhenylalanine to 

L-canavanine, however, a';peared to decrease the toxicity 

of the latter for chick embryo chorioallantoic membrane 

tissue. The minimum toxic concentration of L-canavanine 

alone was 0.2 mg/ml, but that of L-canavanine either Daired 

iith ribonuclease or p-fluorophenylalanine was 0.8 mg/mi, 

a four-fold increase in the concentration required for 

complete suppression of chorioaliantoic cell growth. 
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Pirect effect of Selected Four Conrnonent Mixtures on 

Influenza Virus in vitro 

It was desirable to determine whether any of the 

inhibition of virus development observed with combined 

inhibitors was due to direct inactivation of the virus in 

the tissue culture fluid. The selected four component 

mixtures were tested for virucidal action at minimum con- 

centrations showing marked inhibition of virus develor- 

ment in tissue culture. A mixture of equal arts of 

freshly harvested infective allantoic fluid and phsphate- 

glycine buffer at pH 8.0 containing the appropriate con- 

centrations of the four inhibitors was prepared. A 

control mixture of equal parts ofinfective allantoic fluid 

and phosphate-glycine buffer was also prepared. The 

control mixture was titrated for virus infectivity and 

hemagglutinin immediately after preparation. The mixture 

containing compounds contained infective allantoic fluid 

in the same concentration as that in the control prepara- 

tion and was assumed to have had the same initial infec- 

tivity and hemagglutinin titers as the latter. Infecti.v- 

ity and hemagglutinin titrations were run on both the 

control and comoui1d preparations after 2 and 24 hours' 

incubation at 35°C. 



In Vitro Effect of an Inhibitory Mixture of L-canavanine, 

Benz iniidazole, DL-3-phenylser hie, and DL-m-tyros me on 

Lee Influenza Virus 

A mixture of L-canavanine, benzimidazole, DL-3- 

phenylserine, and DL-m-tyrosine at concentrations of 0.0063 

mg/mi, 0.0375 mg/mi, 0.0375 mg/mi, and 0.0313 mg/mi re- 

spectively, in the final preparation, was examined for 

direct virucidal action in the manner described above. 

The results of this experiment are shown in Table il. 

This mixture had been found to be significantly inhib- 

itory for virus development in tissue culture, giving a 

virus hemaggiutinin titer 17.2 per cent of the control 

value, as can be seen in Figure 9. After incubation at 

35°C. for 24 hours the mixture caused no decrease in virus 

infectivity or hemagglutinin. The infectivity titer in 

the compound preparation was 0.2 log unit higher than the 

control preparation. Knight (25, pp. 487-495) has shown 

that a difference of at least 0.62 log unit must exist 

between the two infectivity titers to be considered signif- 

icant at the 0.05 probability level when five embryos are 

used at each dilution. The 1.5-fold difference between 

hemagglutinin titers is not significant. The results of 

this experiment indicate that the mixture had no direct 

effect on virus infectivity or hemagglutinin at the con- 

centrations tested under the conditions set up in this 

experiment. 



TABLE 11 

In vitro effect of an inhibitory mixture f L-canavanine, benzimidazole, 
1)L--pheny1serine and DL-m-tyrosine on Lee influenza virus 

Time of pH before pH after Hemaggluti'iin 
Preparation Incubation Incubation Incubation EID50 per ml titr 

at 35°C. 

Virus + buffer before 8.00 --- l0' 640 

Virus + buffer, 
with 0.0063 mg 
of L-canavanine, 

mg of 
benzimidazole, 2 hrs. 8.03 8.02 l0° 640 
0.0375 mg of DL-. 

Ç-phenylser me, 
and 0.0313 mg of 
DL-m-tyrosine/ml 

Virus + buffer 2 hrs. 8.00 8.04 iü8.7 640 

Virus + buffer, 
with 0.0063 mg 
of L-canavanine, 
0.0375 mg of 

7 6 benzimidazole, 24 hrs. 8.00 8.32 10 640 
0.0375 mg of i)L- 

3-phenylser me, 
and 0.0313 mg of 
DL-m-tyrosine/ml 

Ut 



Table 11 (continued) 

Time of pH before 
Preparation Incubation Incubat ion 

at 35°C. 

Virus + buffer 24 hrs. .00 

pH after 
Incubation E105() ocr ml 

8.32 lU7-6 

1-Temagg lut min 
titer 
HA 
titer 

64 () 

The hemagglutinin titer is the reciprocal of the highest dilution of virus giving 
complete agglutination of chicken erythrocytes. 

Infectivity titers were determined by injecting a one ml volume of serial 10-fold 
dilutions of the test and control mixtures into the allantoic sacs of 10 day old 
chick embryos. Six embryos were used for each group. After the inoculated 
embryos were incubated for 4 hours at 35°C., the allantoic fluids of each were 
tested for the presence of virus hemagglutinin at the 1:4 dilution. These data 
were used for the calculation of the EID50. 

'C) 

o' 
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In Vitro Effect of an Inhibitory ixture of L-canavanine, 

ßenziiidazo1e, DL-j3-phenylscr me, and DL-p-f luorophenyl- 

alanine Lee Influenza Virus 

A mixture of L-canavanine, benzimidazole, DL--- 

phenylserine and DL-p-fluorophenylalanine at concentra- 

tions of 0.0063 mg/mi, 0.0375 mg/mI, 0.0375 mg/mi, and 

0.0063 mg/mi, respectively, in the final preparation was 

similarly examined for direct virucidal action. The re- 

suits of this experiment are shown in Table 12. This mix-. 

turc has been found to be significantly inhibitory for 

virus development, giving a virus hemagglutinin titer of 

21, compared to a control value of 130, as can be seen 

in Figure 10. The mixture caused no decrease in virus in- 

fectivity or hemagglutinin during exposure for 24 hours 

at 35°C. The slight differences in infectivity and hemag- 

glutinin between the control and compound preparations 

are not significant. The results 'f this experiment 

indicate that the mixture had no direct effect on virus 

infectivity or hemaggiutinin at the concentrations tested 

under the conditions set ur in this experiment. 



TABLE 12 

In vitro effect of an inhibitory mixture of L-canavanine, benzimidazole, DL-p-phenyl- 
serine, and DL-D.-fiuorophenyialanine on Lee influenza virus 

Time of pH before pH after 
Preparation Incubation Incubation Incubation EID50 per ml liA titer 

_______________________at 35°C. _________________________________ 
Virus 4. buffer before 7.98 -- 480 

Virus + buffer, 
with 0.0063 mg of 

L-canavanirie , 0.0375 
mg of benzimidazole, 
0.0375 mg of DL-- 2 hrs. 7.98 8.05 iO86 32'J 
phenylserine, and 
0.0063 mg of DL-p- 
f luorophenylalanine 
per ml 

Virus + buffer 2 hrs. 7.98 8.05 io8 320 

Virus + buffer, with 
0.0063 mg of L-canav- 
afine, 0.0375 mg of 

L 
benzimidazole, 0.0375 24 hrs. 7.98 8.18 l0U 320 
mg of DL-ç3-phenylserine, 
and 0.0063 mg of DL-p- 
fluorophenylalanine per ml 

Virus + buffer 24 hrs. 7.98 8.19 106.5 480 
'C 
OQ 



Table 12 (continued) 

The hemagglutinin (HA) titer is the reciprocal of the highest dilution of virus 
giving complete agglutination of chi:en erythrocytes. 

Infectivity titers were determined by injecting a one ml volume of serial 10-fold 
dilutions of the test and control mixtures into the allantoic sacs of 10 day old 
chick embryos. Six embryos were used for each group. After the inoculated embryos 
were incubated for 40 hours at 35°C., the allantoic fluids of each were tested 
for the presence of virus heinagglutinin at the 1:4 dilution. These data were used 
for the calculation of the 2Ii). 
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affect of Combinations of Inhibitors Selected From 

Tissue Culture Studies on the Development of Lee 

Influenza Virus in Mice 

Observations that certain combinations of inhibitors 

gave marked additive or synergistic effects against in- 

fluenza virus multiplication in tissue culture made it 

of considerable interest to examine a number of such mix- 

tures for possible inhibitory activity on the deve1oment 

of the virus in experimental infections in mice. The in- 

creased selectivity of antiviral action observed with a 

number of the combinations gave added encouragement to 

explorations of therapeutic advantage with combined in- 

hibitors in an intact host animal. The compounds were 

dissolved in physiological saline in concentrations such 

that desired dosages could be administered to the animals 

in volumes no greater than 1.0 ml per injection. Com- 

pound solutions were adjusted to pH 7.0 to 7.5 and ster- 

ilized by filtration through ultrafine Dorosity sintered 

glass. Groups of three to five 25-28 gm Webster strain 

mice, representing approximately equal numbers of males 

and females were used for each dosage level f each coni- 

pound mixture. aach animal received six intraperitoneal 

injections of the appropriate compound solution at nine 

to thirteen hour intervals. Treated and infected control 
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mice received intranasal inoculations of 0.05 ml of a 

saline suspension of Lee influenza virus aliantoic fluid 

diluted to give 10 LD50 jfl that volume. Non-infected 

control aninials received 0.05 ml of the saline diluent 

intranasally. All virus and saline instillations were 
given while the mice were under light ether anesthesia. 

Approximately 15 hours after the sixth comnound injection, 

the treated and control mice were sacrificed. The lungs of 

each group were removed, washed in physiological saline, 
scored for pulmonary consolidation, and weighed. Physio- 

logical saline was added to each lung pool to give a 

dilution of 1:20 and the suspensions were ground in a 

VirTis homogenizer. The ground lung suspensions were 

treated to remove lung tissue inhibitor and subsequently 

titrated for virus hemagglutinin. Bach compound prepara- 

tion was tested at its maximum tolerated dose, and in some 

cases at three-fourths or half this level. The procedure 

followed for mouse experiments has been previously described 

in detail. 

tffect of Individuai and Paired Inhibitors on Development 

of Lee Influenza Virus in Mice 

Table 13 shows the results obtained when individual 
inhibitors and a selected inhibitor pair were examined 

for inhibition of virus development in ndce. None of the 
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TABLE 13 

Mfect of individual and píJred inhibitors in develojìent 
of Lee influenza virus in mice 

Compound or Dose jn* ITA units/gm of lung tissue 
mixture mg/injection Treated Control 

L-Canavanine 15 480 480 

Benzinddazoie 4 320 480 

DL-çi-Phenylserine 20 320 480 

DL-m-Tyrosine 10 240 160 

DL-p-F luoropheny 1- 
alanine (ßxp.l) 10 120 640 

DL-p-F luoropheny 1- 
alanine (ip.2) 10 320 320 

DL-p- F luoropheny 1- 
alanine (i.xp.3) lu 240 240 

Ribonuclease 20 480 240 

L-Canavanine + 75 
DL-p-Fluoro- 320 480 
phenylalanine 5 

L-Canavanine + 15 

DL-p-FluDro- 160 480 
phenylalanine 10 

*6 compound injections were given intraperitoneally at 9 
to 13 hour intervals. 

Hemagglutinin (HA) titers were run on a Dooled suspension 
of lungs from 4 to 7 mice. The hemagglutinin 'endpoints 
are reciprocals of the highest dilutions of luig suspen- 
sions giving complete agglutination of chicken erythrocytes. 
All mice received lO LD50 of Lee influenza virus intranasal-. 
ly approximately one hour after the first compound injection. 
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individual compounds, at the concentrations tested, re- 

suited in a significantly reduced virus hemaggiutinin 

titer in the lungs of treated mice compared with non- 

treated control animais. DL-p-fluorophenylalanine appear- 

ed to have an inhibitory effect on virus development in 

One experiment, but two subsequent experiments failed to 

confirm this observation. A mixture of L-canavanine arti 

DL-p-fluorophenylalanine appeared to have a slight in- 

hibitory action, giving a three-fold reduction in virus 

hemaggiutinin titer over that of the control, but this 

reduction cannot be considered statistically significant. 

It is possible that a large number of experiments with 

this mixture might reveal a statistically significant 

inhibitory effect. This pair had shown marked combined 

effects on influenza virus development in tissue culture 

(see Figure 3 ), and had been found to have a much greater 

selectivity of action than either of the individual corn- 

pounds (see Table 9), but the lack of activity against 

the virus infection in mice was not too surprising in 

view of the great differences in physiological conditions 

between tissue cultures of chick embryo chorioallantoic 

membrane and the lungs of intact mice. 

Benzirnidazole was observed in repeated experiments 

to display a marked anesthetic effect on the animals. 

This observation has been reported in earlier work by 
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Woolley (50, pp. 225-232). This effect was noted with 

benzimidazole concentrations as low as 2 mg per injection 

and was quite marked at concentrations of 4 mg per in- 

jection or higher. This effect was noted whether benzimid- 

azoic was administered 1one or as a member of a mixture. 

Effect of Selected Three Component Mixtures of Inhibitors 

on Development of Lee Infuenza Virus in Mice. 

A mixture of L-canavanine, benzimidazole, and DL-t3- 

phenylserine, a combination which had shown marked en- 

hanced effects against influenza virus development in 

tissue culture, was examined for possible inhibition of 

virus multiplication in mice. Table 14 shows the results 

of five experiments with this combination. }ach injection 

of the mixture contained 15 mg of L-canavanine, 4 mg of 

beazimidazole, and 23 mg of DL-p-phenylserine. The re- 

suits obtained with this mixture were very inconsistent, 

ranging from a 24 fold reduction in virus heniagglutinin 

in the lungs of treated mice in experiment five to a 

three fold increase over the control in experiment three. 

On the basis of these inconclusive results, it was de- 

Cided that this mixture was perhaps On the borderline of 

inhibitory activity and that unknown variables which were 

not controlled in the experiments were affecting the 

activity. Each animal in the experiments represents a 

source of uncontrolled variation. Every attempt was made 
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TABLE 14 

i3ffect of selected three component ixtures of inhibitors 
on development of Lee influenza virus in mice 

Treatment Experiment HA unito/gm of lung ti:sue 
number treated control 

Each injection 1 160 323 
contained 15 mg 
of L-canavanine, 2 160 640 
4 mg ot inzirnid- 
azole, and 20 mg 3 1920 643 
of DL--pheny1- 
serine 4 1280 64° 

5 20 480 

Each injection 
contained 20 mg 1 320 240 
of DL--phenyi- 
serine, 10 mg of 2 240 80 
DL-m-tyrosine, and 
10 mg of DL-p-fluoro- 
phenylalan me 

Bach injection 
contained 10 mg of 

DL-13-phenylser me, 
5 mg of DL-m- i 120 80 
tyrosine, and 5 mg 
of DL-p-fluorophenyl- 
alan inc 

Bach injection 
contained 15 ing 

of L-canavanine, i 40 30 
10 mg of DL-p-fluoro- 
phenylalanine, and 
20 mg of ribonuclease 
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Table 14 (continued) 

f conpound injections were given intraperitoneally at 9 
to 13 hour intervals. 

Hemagglutinin (HA) titrations were run on a pooled suspen- 
sion of lungs from 3 to 5 mice. The hemagglutinin 
endpoints are the reciprocals of the highest dilutions of 
lung suspensions giving complete agglutination of 
chicken erythrocytes. 
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to select animals of the same aroximate age, history, 

and physiological state, and the same procedure in 

preparation of compounds and virus inocula was followed 

in all experiments, but these precautions failed to con- 

trol the variability of the results with this mixture. 

A mixture of DL--phenylserine, DL-m-tyrosine, and 

DL-p-f luorophenylalanine at concentrations of 20 mg/ 

injection, 10 mg/ injection, and 10 mg/injection re- 

spectively, failed to significantly reduce the amount 

of virus in the lungs of treated mice, as did one-half of 

that dosage level. The results of these experiments are 

also shown in Table 14. 

Addition of ribonuclease to the L-canavanine, DL-p- 

fluorophenylalanine pair faled to resui± in inhibition of 

virus development in the lungs of the mice. The virus 

hemagglutinin titer in the lungs of a group of mice re- 

ceiving six intraperitoneal injections of a mixture of 

15 mg of L-canavanine/injection, 10 mg of DL-p-fluoropben- 

ylalanine/injection, and 20 mg of ribonuclease/injection 

was not significantly different from that of the control 

animals, as can be seen in the results shown in Table 14. 
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Effect of Selected Four ornponent Mixtures of Inhibitors 

on Deve lo'ent of Lee Influenza Virus in Mice 

It was of interest to determine whether addition of 

a fourth compound to a three inhibitor mixture would re-- 

suit in an inhibitory effect on virus development in mice. 

Treatment of infected mice with six injections of a mix- 

turc of L-canavanine, benzimidazole, DL-3-phenylserine, 

and DL-p-fluorophenylaianine, at 15 mg/injection, 4 g/ 

injection, 20 mg/injection and 10 mg/injection, re- 

spectively, resulted in a reduction of virus hemag- 

glutinin in the lungs of treated mice compared to non- 

treated controls. The results of these experiments are 

shown in Table 15. Three separate experiments with 

this mixture showed consistently lower virus yields in 

the lungs of treated animals. The differences are four- 

fold in two experiments and three-fold in the other, and 

their consistency leaves little doubt that the effect is 

a real one. This is the first instance reported in this 

study where any treatment resulted consistently in re- 

ducing the virus content of the lungs of infected mice. 

Treatment with one-half of the compound levels just de- 

scribed gave no indication of virus inhibition. 

The results of treatment of infected mice with a 

mixture of four amino acid analogs without benzimidazole 
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TABLE 15 

Effect of selectea four component mixtures of inhibitors 
on development of Lee influenza virus in mice 

Treatment Experiment HA units/gm of lung tissue 
number Treated Control 

Each injection 
contained 15 rug 

of L-canavanine, 
4 mg of benzimid- 
azole, 2° mg of 
DL-3-pheny1ser me, 
and 10 mg of DL-p- 
f luorophenylalanine 

EacL injection 
contained 7.6 mg 
of L-canavanine, 
2 mg of benzimid- 
azole, 10 mg of 
DL- 3-phenylser me, 
and 5 mg of DL-p- 
f luorophenylalanine 

Each injection 
contained 15 mg 
of L-canavanine, 
20 mg of DL-3- 
phenylserine, 10 
mg of DL-p-f luoro- 
phenylalanine, and 
10 mg of DL-m-tyro-- 
sine 

i 

2 

3 

I 

2 

1 

120 

240 

120 

je., 

80 

80 

320 

'I' 

320 

6 compound injections were given intraperitoneally at 9 to 
1.3 hour intervals. 

Hemagglutiúin (HA) titrations were run on a pooled suspen- 
sion of lungs from 4 or 5 mice. The hemagglutini.n end- 
points are the reciprocals of the highest dilutions of lung 
suspensions giving complete agglutination of chicken 
erythrocytes. 

Ail mice received lOLL)50 of Lee influenza virus intranasal- 
ly approximately one hour after the first compound injection. 
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are also shown in Table 15. Each injection contained 
15 mg of -canavanine, 20 mg of DL-p-phenyiserine, 10 mg 

of DL-p-f luorophenylalanine, and 10 mg of DL-rn-tyrosine. 

The virus hemagglutinin titer in the lungs of treated 
animals was reduced to one-fourth of the control value. 
No further experiments were run with this particular com- 

bination; thus, the results must be considered suggestive 
but unconfirmed. 

Effect of a Combination of L-canavanine, Benzitnidazole, 

DL.-3-phenylserine, and DL-m-tyrosine on Development of 

Lee Influenza Virus in Mice 

In a preliminary test of a combination of L-canava- 
nine, benzimiciazole, DL-3-pheny1serine, and DL-m-tyrosine 
against influenza virus development in mice, this mixture 
anpeared to cause a marked reduction in virus hemag- 

glutinin in the lungs of treated mice compared to non- 

treated controls. For this reason, it was chosen for 
more detailed investigation in this system. The results 
of treatment with three dosage levels of the mixture are 
shown in Table 16. At the highest level tested each in- 
jection contained 15 mg of L-canavanine, 4 mg of benzirnid- 

azole, 20 mg of DL-Ç3-phenylserine, and 10 mg of DL-m- 

tyrosine. In four experiments, treated mice had virus 
hemag1utinin titers one-eighth, one-fourth, less than 
one-twelfth, and one-twelfth of the control values. In 
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TABLE 16 

Effect of . comhination of '-canavanine. benzimidazole, 
DL-3-pheny1serilie, and DL-m-tyrosine on development of 

Lee influenza virus in mice 

Treatment Experiment 
number 

J-TA units/gm of 
Treated 

lung tissue 
Control 

Each injection 1 60 480 
contained 15 mg 
of L-canavanine, 2 160 640 
4 mg of benzimid- 
azole, 20 mg of 3 <20 240 
DL--phenylser me, 
and 10 mg of DL- 4 20 240 
m-tyros me 

Each injection 1 10 240 
contained 11.25 mg 
of L-canavanine, 2 30 240 
3 ing of benzimid- 
azole, 15 mg of 3 40 240 
DL-p-phenylserine, 
and 7.5 ing of 4 40 240 
DL-m-tyrosine 

1 240 480 

2 480 
ßach injection 
contained 7.5 mg 3 120 240 
of L-canavanine, 
2 mg of benzimid- 4 120 240 
azole, 10 mg of 
DL-3-phenyIserine, 5 60 160 
and 5 mg of 
DL-m-tyrosine 6 120 240 

7 60 240 
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Table 16 (continued) 

6 compound injections were given intraperitoneally at 9 
to 13 hour intervals. 

Hemagglutinin (HA)titrations were run on a pooled suspen- 
sion of lungs from 4 or 5 mice. The hemagglutinin end- 
points are the reciprocals of the highest dìlutions of 
lung suspensions giving complete agglutination of chicken 
erythrocytes. 

Ail mice received 10 L1D0 of Lee influenza virus approx- 
imately one hour after the first compound injection. 
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four experiments in which each injection contained 11.25 

tug of L-canavanine, 3 mg of benziinidazole, 15 mg of DL.-- 

phenylserine, and 7.5 mg of DL-m-tyrosine, similar re-. 

ductions in virus hemaggiutinin titers were observed with 

virus yields iii treated animals being reduced to one- 

twenty fourth, one-eighth, one-sixth, and one-sixth of 

the control values. Thus, with both dosage levels of 

this mixture, significant reductions in virus hemagglutinin 

titers were observed in the lungs of treated mice compared 

with non-treated controls. A great deal of toxicity to 
the animals was observed with the higher of the two dosage 

levels. All treated animals were rough of coat and quite 

lethargic, and some animals died during the course of the 

injections. This toxicity was much reduced in the lower 

dosage level, but stili evident. No deaths were noted, 

but some lethargy among the treated animals was apparent 

after the fourth or fifth injection. 

In a series of seven experiments in which each in- 

jection contained 7.5 mg of L-canavanine, 2 mg of ben- 

¿imidazole, Io mg of DL--pheny1serine, and S mg of DL- 

m-tyrosine, slight, but consistent, reductions in virus 

hemagglutinin titers were observed. The reduction was 

generally about tw-fo.id, varying from a four-fold re- 
duction in exreriment 7 to a 1.3-fold reduction in 

experiment 2. Although the inhibitory effedts noted 
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a the lowest dosage level lack statistical significance, 

a larger nuber of replicate experiments iight well ShUW 

this inhibition to be significant. In any case, the 

trend of inhibition noted with the three levels is con- 

sistent, so the slight inhibitory activity of the lowest 

dosage level is probably a real effect and not due to 

chance. Despite the large doses required and the evi- 

dence of toxicity, this mixture of antimetabolites is 

remarkable in this investigation in being one of the very 

few preparations found to be consistently capable of 

interfering with virus multiplication in the lungs of in- 

fected mice and also in being the most effective of such 

preparations. 

In comparing the extent of pulmonary consolidation 

in the lungs of treated and non-treated mice, it was noted 

with considerable interest that the mixture appearu to 

reduce the extent of pneumonia resulting as a consequence 

of virus infection. Observations bearing on this point 

from the experiments in Table 16 ane presented in Table 17. 

In this connection there was made the very curious obser- 

vation that mice receiving only intranasal instillations 

of saline diluent and no virus often developed equivalent 

and occasionally greater areas of pulmonary consolida- 

tion than were observed in animals receiving virus. A 

quantitative relationship had already been established 
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TABLE 17 

Effect of a combination of L-canavanine, benzimidazole, 
DL-3-pheny iser me, and DL-m- t yr os me on pulmonar y 
consolidation in the lungs of mice infected with 

Lee influenza virus 

Treatment Experiment Per cent consolidation 
number Treated Control Non- 

infected 

5 40 
I 5 

1 1 5 

1 1 

(dead) 1 

o 25 
o 25 

Each injection 2 0 lO 
contained 15 mg O 5 

of L-canavanine, (dead) 5 
4 mg of benzimid- 
azole, 20 mg of (dead) 60 90 
DL--phenylserine, (dead) 25 30 
and 10 mg of DL- 3 5 25 30 
m-tyrosim O 10 10 

(dead) 10 5 

20 50 60 
10 50 40 

4 10 50 40 
1 30 20 
1 30 10 

60 50 60 
30 50 40 

1 20 50 40 
Each injection 10 30 20 
contained 11.25 mg 1 30 10 
of L-canavanine, 
3 mg of benzimid- 20 50 100 
azole, 15 mg of 10 50 50 
DL--pheny1serine, 2 5 30 50 
and 7.5 mg of DL-m- 1 20 30 
tyrosine 1 5 lO 



I 
L 

Table 17 (continued) 

Treatuent lixper iment Per cent consol idat i on 
number Treated Control Non- 

infected 

5 40 90 
i 40 90 

3 0 30 90 
O 30 50 
o 20 10 

10 75 80 
lo 75 75 

i 5 30 50 
5 60 30 

20 50 10 

5 25 80 
5 25 80 

2 0 10 30 
5 30 

0 5 10 

50 60 90 
Each injection 10 25 30 
contained 7.5 mg 3 5 25 30 
of L-canavanine, 5 10 10 
2 mg of berizimid- 0 10 5 
azole, 10 mg of 
DL--phenylserine, 30 50 loo 
and 5 mg of DL- 10 50 50 
m-tyrosine 4 10 30 50 

5 20 30 
1 5 10 

i 60 80 
1 60 

5 1. 60 60 
5 60 30 

40 40 40 

5 20 30 
10 60 10 

6 1 20 10 
1 60 10 

(dead) 60 10 
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Table 17 (continued) 

6 comDound injections were given intraperitoneally at 
to 13 hour intervals. 

Each value represents the approximate percentage of total 
lung area showing pulmonary consolidation, as determined 
for the lungs of each mouse approximately 72 hours after 
inoculation of 10 LD50 of Lee influenza virus for the 
treated and control groups, or instillation of 0.05 ml 
of saline diluent for the non-infected animals. Lungs 
which showed very slight, but definite, consolidation 
were arbitrarily assigned a percentage value of 1. 
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between virus development and the extent of pulmonary 

consolidation in the lungs of mice infected with influenza 

virus (18, pp. 135-145); however, the occurrence of con- 

soliclation in mice receiving saline without virus made 

it difficult to explain the reduction in this condition 

£fl mice treated with the above mixture in terms of in- 

hibition of virus development alone. Statistical compar- 

isons of the amount of lung consolidation in a number of 

experiments, using the at" test, revealed that treatment 

with the mixture significantly reduced the extent of 

pneumonia compared to that observed both in the infected 

and non-infected control mice (15, î-p. 153-157). These 

observations posed the question of whether the instilla- 

tion of saline, together with chemical damage resulting 

from etherization, might result in the establishment of 

a bacterial pneumonia in the lungs of non-infected mice. 

If this were the case, then it seemed reasonable to sup- 

pose that the mixture inhibited not only virus develop- 

ment in the lungs, but also the growth of bacteria, thus 

reducing the extent of pneumonia resulting from either 

or both causes. A number of plate counts were run on 

the ground lung suspensions of treated, infected con- 

trois and non-infected controls in different experiments 

to determine whether a relationship existed between 

bacterial nuibers and the extent of consolidation, The 



results of these plate counts were very inconsistent. 
In some experiments, treatment with the mixture appeared 

to reduce the bacterial population in the lungs, while in 

others the counts were equivalent to or higher than those 

obtained with lung suspensions of infected and non- 

infected controls. Bacteria counts in the lungs of non- 

infected controls receiving intranasal instïllations of 

saline ranged from zero to 888,000 per gram of tissue, 
those in non-treated infected animals ranged from zero 

to 710,000 per gram of tissue, and those in animals 

treated with the four component mixture ranged from zero 

to 41,5000 per gram of tissue. It could only be concluded 

from the results that the e:tent of lung consolidation 
in lungs of either treated or non-treated groups was in- 

dependent of the bacteria counts under the conditions 

set up for the experiments. The source of pneumonia in 

animals receiving only saline is inapparent. Whether it 
was due to chemical damage resulting from ether and saline, 

to a latent virus infection, to bacterial activity not 

revealed in the counts, or to other unknown factors, is 

largely a matter for sneculation. The non-infected mice 

whose lungs had shown extensive pulmonary consolidation 
gave no outward aptearance of poor health. 

An interesting observation was that, although the 

reduction in virus hemagglutinin titers in the lungs of 
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treated mice declined with decreasing dosage levels of the 

four component mixture, a marked reduction in pulmonary 

consolidation in the lungs of treated animals was apparent 

even at the lowest dosage level tested. This lack of 

parallelism between the virus inhibitory effect and the 

effect on pulmonary consolidation with decreasing dosage 

levels of the mixture suggests that the two actions are 

somewhat independent. 

The chief importance of the reduction in pulmonary 

consolidation in the lungs of treated animals lies in 

the influence of the treatment on the pathological changes 

associated with virus infections as well as on the multi- 

plication of virus in infected cells. Whether the pneu- 

monia arose from virus development, from other sources, 

or from conbinations of these factors, as w.s likely, 

the reduction in this condition resulting from treatment 

with the mixture indicates a definite advantage from the 

standpoint of oractical chemotherapy. Although no ex- 

periments to determine whether treatment with this mix- 

turc would prolong survival of infected animals were 

performed, the reduction in virus content and extent of 

lung consolidation can be deemed important, since instances 

of chemical alteration of influenza virus development in 

intact animals by any individual compound, or combination 

of comoounds, are very rare. 
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Effect of Selected. Five Component Mixtures on Development 

of Lee Influenza Virus in Mice 

The results shown in Table 18 indicate that treat- 
ment of influenza virus infected mice with certain five 
Component mixtures significantly reduced the virus hemag- 

glutmnin titers in the lungs compared with non-treated 
control animals. One experiment in which each injection 
contained 75 mg of L-can.vanine, 2 mg of benzimidazole, 

10 mg of DL-3-phenylserine, 5 mg of DL-ni-tyrosine, and 

20 mg of ribonuclease showed an eight-fold reduction in 

virus hemagglutìnin titer in treated animals compared to 

non-treated ontro1s. Due to the Drohibitive expense of 

ribonuclease, only three uice were treated, one of which 

died during the course of the injections. Neither of the 

two treated mice showed any evidence of pulmonary con- 

solidation, as can be seen in Table 19, while both in- 

fected and non-infected control animals showed extensive 

lung involvement. Table 18 also shows the results ob- 

tamed when two levels of DL-p-fluorophenylalanine were 

added to a mixture of L-canavanine, benzimidazole, DL-- 
phenylserine and DL-m-tyrosine. In two experiments in 

which eacu injection contained 7.5 mg of L-canavanine, 2 

mg of benzinjidazole, 10 rug of DL--phenyiserine, 5 mg of 

DL-rn-tyrosine, and 10 mg of DL-p-fluoroDhenylalanine, the 

virus heiagg1utinin titers were reduced to less than 20 
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TABLE 18 

Effect of selected five comDonent mixtures of inhibitors 
on develooment of Lee influenza virus in mice 

Treatment axperiment H units/gm of lung tissue 
number Treated Control 

each injection 
cntained. 7.5 mg 
of L-canavanine, 
2 mg of benzimid- 
azole, 10 mg of i 30 24u 
DL-3-phenylser me, 
5 mg of DL-m-tyrosine, 
and 20 mg oi ribo- 
nuc lease 

Each injection 
contained 7.5 mg 
of L-canavanine, 
2 mg of beuzimid- I 20 160 
azole, 10 mg of 

DL-t3-phenylserine, 2 40 240 
5 mg of DL-m-tyro- 
sine, and it) mg of 
DL-p-f luoropheny 1- 
alanine 

Each injection 
contained 7.5 mg 
of L-canavanine, 
2 mg of benzimid- 1 30 160 
azole, iO mg of DL- 
-phenyiserine, 2 80 240 

5 mg of DL-m-tyro- 
sine, and 5 mg of DL-n-fluorophenyl- 
alanine 
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Table 16 (continued) 

6 compound injections were given intraperitoneally at 9 
to 13 hour intervals. 
Hemagglutinin (HA) titrations were run on a pooled suspen- 
SiOn of Lungs from 2 to 5 mice. The hemagglutinin end- 
points are the reciprocals of the highest dilutions of 
lung suspension giving complete agglutination of chicken 
erythrocytes. 

All mice received 10 LD50 of Lee influenza virus intra- 
nasally approximately one hour after the first compound 
injection. 
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TABLE 19 

Effect of selected five component mixtures of inhibitors 
on pulmonary consolidation in the lungs of mice infected 

with influenza virus 

Treatment Experiment 
number 

per 
Treated 

cent consolidation 
Control Non-. 

infected 

ßach injection 
contained 7.5 ing 

of L.-canavanine, O 40 90 
2 mg of benzimid-. O 30 90 
azole, 10 mg of i (dead) 30 90 
DL--pheny1serine, 20 10 
5 mg of DL-m-tyro- 40 50 
sine, and 2U mg of 
r ibonuc lease 

Each injection 
contained 7.5 mg 90 60 80 
of L-canavanine, 30 60 90 
2 mg of benzimid- 1 30 60 60 
azole, 10 mg of 10 60 30 
DL-3-pheny1serine, 10 40 10 
5 mg of DL-m-tyro- 
sine and 10 mg of 50 20 30 
DL-p-f luorophenyl- 50 60 10 
alanine 2 1 20 10 

each injection 
contained 7.5 mg 1 60 80 
of L-canavanine 1 60 90 
2 mg of benzimid- 1 5 60 60 
azole, 10 mg of 1 60 30 
DL--phenylserine, 90 40 10 
5 mg of DL-m-tyro- 
sine and 5 mg of 60 20 30 
DL-p-f luorophenyl- 30 60 lO 
alanine 2 1 20 10 

1 60 10 
(dead) 60 10 
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Table 19 (continued) 

6 com:ound injections were given intrareritoneally at 9 
to 13 hour intervals. 

Each value represents the approximate percentage of total 
lung area showing pulmonary consolidation, as determined 
for the lungs of each mouse approximately 72 hours after 
inoculation of 10 LD50 of Lee influenza virus for the 
treated and control groups, or instillation of 0.05 mg 
of saline diluent for the non-infected animals. Lungs 
which showed very slight, but definite, consolidation 
wer. arbitrarily assigned a percentage value of 1. 
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an) 40, compared to control values of 160 and 24u, re- 

spectively. These differences represent significant re- 
ductions in virus titer. This tixture failed to produce 

significant reductions in the extent of pulmonary consoli- 

dation in the lungs, as can be seen in Table 19. From the 

standpoint of lung consolidation, this mixture appeared to 
be less effective than the four component mixture without 

DL-p-fluoroDhenylalanine, as shown in Table 17. 

In two experiments in which each injection contained 

7.5 mg of L-canavanine, 2 mg of benzimidazole, iO mg of 

DL.-p-phenylserine, 5 g of DL-m-tyrosine, and 5 mg of DL- 

p-fluorophenylalanine, the results, also shown in Table 1, 

indicated a reduction in virus hemagglutinin titer in the 

lungs of treated animals compared with non-treated controls. 

Hernagglutinin titers in the lungs of treated animals were 

30 and 80, compared t control values of 160 and 240, re- 

sective1y. The raduction in titers observed with the five 
Component mixture conta ining lO mg of p-f luor ophenylalan inc 
did not diffr significantly from the effects observed. with 

the same mixture containing only 5 mg of DL-p-f luorohenyl-- 
alanine. In both cases, the effect appears to be a real one. 

This five component mixture may warrant further testing, both 

because of its definite suppressive effect on the virus and 

because of its lack of apparent toxicity to the mice. 
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It aDpeared from the observations on lung consoli- 

dation in mice treated with the two five component mixtures, 

the results of which are shown in Table 19, that the mix- 

ture containing the lower level o DL-p-f luorophenylalanine 

has a slightly greater effect in reducing consolidation 

than did that containing the higher level, but none of the 

reductions in consolidation could be shown to have statis- 

tical significance. In the case of the five component 

mixtures, no definite correlation could be established 

between extent of lung consolidation and bacteria count. 

In some instances, the lungs of treated animals showed 

marked reductions in bacterial numbers, but these reduc- 

tions apçeared independent of the extent of consolidation. 
There was extreme variation among counts with all groups, 

whether treated or not. 

The results presented in this study indicate that 

certain combinations of compounds, inhibitory both alone 

and combined for influenza virus development in tissue 

culture, but not active alone against virus infections in 

mice, were able to produce significant reductions in virus 

hemagglutinin titers and in extent of pulmonary conroiida- 

tion compared with non-treated control animals. It should 

be pointed out that the total weight of compounds neces- 

sary to achieve inhibition of virus development is great 

compared to the weight of the test animals--far too great 
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to h.ve any practical a1ication in chemotherapy. The 

observations made in these investigations do, however, 

provide a sound basis for further explorations of combined 

chemotherapy in virus infections. 
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DISCUSS ION 

It has been shown from the results reported in this 

study that certain combinations of chemical compounds pro- 

duce marked inhibitory effects on the development of in-. 

fluenza virus in tissue cultures of chick embryo chorio- 

allantoic membrane and in the lungs of infected mice. In 

an examination of two, three, and four coniponent mixtures 

for combined inhibition of influenza virus development in 

tissue culture, three criteria were chosen to ascertain 

whether the combined effects could be considered syner- 

gistic: (1) If the inhibition produced by the combina- 

tion was greater than that expected fro the sum of the 

individual component effects, (2) if the combination of 

two or more inhibitors at ineffective concentrations pro- 

duced significant inhibition of virus development, and (3) 

if the inhibitory effect at a given level of the combined 

inhibitors was greater than that obtained by doubling the 

concentration of one of the components. In preliminary 

tissue culture tests of 16 inhibitor pairs, three showed 

combined effects which satisfied part or all of these 

Criteria. These three synergistic pairs were L-canavanine 

plus benzimidazole, L-canavanine plus DL--pheny1serine, 

and DL-p-phenylserine plus benzimidazole. The pairs which 

did not show marked combined effects on virus development 
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in tissue culture represented a rather widely diversified 
group of chernica.1 structures including urine derivatives, 
pyrimidine derivatives, a dipeptide, carbohydrates, and 

amino acid analogs, combined in various ways. The failure 
of such pairs to show even additive effects is an inter- 

esting observation. Jawetz and others (19, pp. 150-156; 

23, pp. 115-192; 25, pp. 454-465) have shown, however, 

that in combinations of antibiotics tested against various 

bacterial sDecies both in vitro and in vivo, sorne mix- 

tures not only failed to show additive effects, hut in 

some cases resulted in lowered effectiveness. Although 

no cases of antagonism between antiviral agents were ob- 

served in this investigation, the lack of combined activ- 
ity observed with sorne of the pairs serves to demonstrate 
that the inhibitory activity of an individual compound on 

virus development does not permit the assumption that corn- 

bi.ning the coipound with another inhibitor will result in 

synergism. The mechanisms of inhibition of many of the 

individual compounds tested are inapparent, and it may 

well be that a compound must exert its inhibitory effect 

in a articu lar manner in order to act as a member f a 

synergistic mixture. 

The three pairs showing definite synergistic activ- 

ity against virus development in tissue culture consisted 
of compounds which are known to be antimetabolites. The 
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modes of inhibitory action of the three individual com 

pounds will be considered later in this discussion. It 

appeared, then, from preliminary tissue culture experi- 

ments that combinations învolving antimetabolites were 

most likely to result in synergistic effects. Sinilar 

experiments with selected combinations of other anti- 

ietaboiites gave added support to this reasoning. Corn- 

binations of L-canavanine plus DL-n-tcosine, L-canavanine 

plus DL-p-f luorophenylalanine, DL--phenylser inc plus 

DL-m-tyros hie, DL-p-phenylser inc plus DL-p-f luorophenyl- 

alanine, anc DL-tn-tyrosine plus benzirnidazole showed 

marked combined effects on the inhibition of virus de- 

velopment in tissue culture. 

Tissue culture experiments involving multiple corn- 

ponent mixtures of antimetabolites revealed that couibin- 

ing three or four inhibitors resulted in even further 
enhancement of the inhibitory effects. Combining the 

enzyme ribonuclease, which is inhibitory alone for influ- 

enza virus development in tissue culture, with one or 

more aritimetabolites also resulted in synergistic mixtures. 

An approach to defining the mechanisms of combined 

inhibition perhaps best evolves from consideration of the 

modes of action of thc individual inhibitors. Of the 

various compounds which have been studied by several in- 

vestigators from the standpoint of mechanism of virus 
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inhibition, the najority fall into two categories: (a) 

those comounds which directly inactivate the virus par- 

tides j vitro and (b) those which interfere with one 
or more intracellular reactions leading ultimately to 

virus progeny. Of these latter conpounds, the effect may 

be that of a true antimetabolite involving interference 

with the metabolism of some compound essential for virus 

synthesis or may involve interference with some reaction 

or sequence of reactions through other means. The simul- 

taneous interaction of these inhibitory mechanisms re- 
suiting from combined inhibitors, then, could well lead 

to marked additive or synergistic effects on the inhibition 

of virus multiplication. The inhibition of influenza 

virus development by canavanine is reversed by arginine 

and arpears to involve interference with the metabolism 

of this amino acid, and possibly with its incorporation 

(27, pp. l-27; 30, pp. 79-86) Both phenylserine and 

p-fluorohenylalnine have been shown to interfere with 

reactions involving phenylalanine (2, pp. 427-450; 7, pp. 

53-61; 13, pp. 66-75), and p-fluorophenylalanine has been 

found to actually replace phenylalanine in the synthesis 

of bacterial proteins in vivo (20, pp. 202-221; 35, pp. 

378-391). The mechanism of m-tyrosine inhibition of virus 

development has not been elucidated, but its structural 

resemblance to both tyrosine and phenylalanine suggests 
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interference with the metabo1is.i of one or both of these 

aiino acids. These antitnetabolites may exert their effects 
by interfering with the iricorporatioi of the corresponding 

netabo1ites or by actually being incorporated into virus 
protein, resulting in the formation of virus incapable of 

replication. The node of action of benzitnidazole presents 

a more complex problem. Woolley (51, pp. 225-232) has 

reported reversai of benzimidazole inhibition of bacterial 

growth with adenine arid guanine, but attempts to reverse 

benziinidazoie's inhibitory effect on virus development 

with these and other natural burines have met with little 

success. The close structural similarities of benzimidazole 

and purines, however, suggest that the compound may inter- 
fere in some way with nucleic acid metabolism. The mode 

of action of ribonuclease against virus development is 
not entirely clear. Tamm and Bablanian (45, pp. 351-367) 

have suggested that the inhibition of virus development 

may be due to a double niode of attack, one resulting from 

the formation of ribonuclease-ribonucleic acid complex 

and the second resulting from the subsequent breakdown 

of ribonucleic acid. In this way ribonuclease would tie 

up the "information carrying" mechanism of the infecting 
virus particle, and then inhibit synthesis of new virus 
protein as mediated through altered cellular ribonucleic 

acid. Le Clerc (2, p. 576_579) found that rihonucie- 
ase did not revent the incorporation of C'4-phenylalanine 
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into chorioallantoic membrane tissue infected with in- 

fluenza virus and rroposed that the enzyme exerted its in- 

hibitory effect by inactivation of virus ribonucleic acid 

after its separation from other virus com:onents sub- 

sequent to host celi. penetration by the virus particle. 

The evidence for such a separation is circumstantial, 

however, and no direct experimental evidence exists to 

support such a phenomenon. Ribonuclease has been shown 

to directly inhibit protein synthesis in a nuniber of 

biological systems (9, p. 583; 30, pp. 13-30; 50, pp. 641- 

649; 52, po. 337-354), and it seems reasonable to suppose 

that the enzyme could suppress influenza virus multipli- 
cation by inactivation of altered cellular ribonucleic 
acid, thus blocking synthesis of new virus protein. Le 

C1erc' observation that ribonuclease did not affect the 

incorporation of phenylalanine does not preclude the pos- 

sibility of such an effect on other amino acids. 
The nature of tl combined effects observed with the 

mixtures does not appear to be one of virucidal action. 
All of the compounds studied in detail in this investiga- 

tion except m-tyrosine have been found to lack direct 

virucida.l effects on the viruses whose development they 

inhibit (2, pp. 437-450; 13, pp. 66-73; 28, p. 578- 

579; 37, pp. 409-411; 38, pp. 79-86; 44, p. 42-53; 

53, pp. 676-698). A combination of L-canavazuine, 
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benzimidazole , DL.-p-phenylserine and DL-rn-tyrosìne caused 

no in vitro inactivation of influenza virus hemagglutinin 

or infectivity at concentrations which produced significant 
inhibition of virus development in tissue culture. The 

same lack of virucidal action was observed with a combina- 

tion of L-canavanine, benzimidazole, DL-p-phenylserine, 

and DL-p-f luorophenylalanine. 

The evidence strongly supports the idea of simultan- 

cous interference with two or more reactions necessary for 

synthesis of virus precursors, or for the construction 

of new virus particles from these precursors, or with both 

these processes. These effects would be manifested 

through antagonism of essential metabolites by the corres- 

ponding antimetabolites and by the action of ribonuclease 

on protein synthesis, depending on the components of the 

mixtures. An interesting feature brought out in the results 
of these investigations is that the mixtures oroducing 

marked combined effects on virus inhibition all consisted 

of inhibitors whose mechanisms are known or suspected to 

be interference with protein synthesis. 
It has been shown from comparisons of the virus in- 

hibitory concentrations with the concentrations necessary 

to stmpress cell growth, that certain combinations re- 
sulted in greater selectivities of action than could be 

shown with the individual compounds. The increased 
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selectivity of antiviral action is manifested through 

an increase in the ratio of the minimum toxic concentra- 

tion to the virus inhibitory concentration. Two pairs, 
L-canavanine plus DL-p-fluorophenylalanine and DL-p- 

fluorophenylalanine plus ribonuclease, showed the highest 

selectivity ratios. It is clear that highly selective 
combinations are of importance from the standpoint of 

practical chemotherapy. It would be very desirable to 

develop a therapeutic agent which caus a significant 
degree of virus inhibit:.on at dosage vels far removed 

from those toxic for the host. The results obtained in 

this investigation indicate that the use of combined 

inhibitors is a feasible approach to such a problem. 

The observation that certain combinations of antimetabolites 

were inhibitory for the development of influenza virus in 

the lungs of infected mice was a remarkable one in view 

of the very small number of compounds reported to sig- 

nificantly influence virus multiplication in an intact 
host aniraai. The failure of single antimetabolites to 

inhibit virus development in mice has been attributed 

either to rapid chemical alteration of the compounds by 

detoxification mechanisms or to an abundance of the cor- 

responding metabolites in the host tissues. Presumably, 

then, a mixture of inhibitors could lessen the probability 
that such factors would completely overcome the inhibitory 
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effects. it appears that this is actually the case. 

The most effective combination tested in this system cor 

sisted of L-cariavanthe, benzirnidazole, DL-3-pheny1serine, 

and DL-m-'tyrosine. This mixture gave consistently lower 

vhus hemagg1utirin titers in the lungs of treated mice 

Compared with control animals receiving xio treatment. It 
not only showed inhibition of virus development but also 
greatly suppressed pulmonary consolidation in the lungs 

of mice infected with influenza virus. It is difficult 
to explain the reductioa in pulmonary consolidation in 

the lungs of treated mice in terms of virus inhibition 
alone, however, since consolidation was observed in the 

lungs of animals which were not infected. The source of 

pneumonia in mice receiving no virus is inapparent. 
Plate counts on mouse lung suspensions showed no consis 

tent relationsaip of bacterial numbers to degree of 

consolidation. The pneumonia in the lungs of such mice 

aDpeared to be of ehcmical origin. Various compounds 

have been reriorted to produce che?lical pneumonia in 

mice. Partially purified bacterial lipopolysaccharides 
have been found to produce pulmonary consolidation in 

mice when administered by the intranasal route (17, pp. 
430-44u; 32, pp. 495-497). Xerosin, a partially purified 
filtrate from Achromobacter erosus cultures, produces 

pulmonary consolidation when given intranasally, and is 
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caabie of suppressing consolidation when administered 

parenterally (17, pp. 43O-44); 32, pp. 495-497). Xerosin 

and the synthetic compound 9-(p-guanylbenzal)-fluorene 

HC1 (MER-27) have been found to sumress pulmonary con- 

solidation in the lungs of mice infected with influenza 

virus, without affecting virus multiplication (32, pp. 495- 

497). With th four component mixture described above, 

there is a distinct lack of parallelism between inhibi- 
tion of virus development and suression of pulmonary 

consolidation in the lt ng. The virus inhibitory effect 
declined rapidly with decreasing dosage levels of the 

mixture, while the effect on pneumonia was marked even 

at the lowest dosage level tested. This suggests that 
the two suppressive processes are independent. The in- 
hibition of virus multiplication in the mouse lung could 

be well due t mechanisms similar to those previously de- 

scribed for the tissue culture system. The suppression 
of pneumonia is probably the result of a number of factors-- 
the inhibition of virus development, a possible effect on 

bacterial growth not revealed in bacteria counts 

anaerobic streptococci), and possible effects on the 

physiological mechanisms associated with the mf lam- 

matory process. A significant feature of the reduction 
in pulmonary consolidation by the mixture is the demon- 

stration of a beneficial effect on one of the pathological 
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ticue changes associated with infection. 
Inhibition of virus development in the lungs of 

treated mice was also observed with a mixture consisting 
of L.-canavanine , benz imidazo le , DL--pheny1ser me , and 

DL-p-f luorophenylalanine. The inhibitory effect was not 

as pronounced with this uixtur as with the previous one 

just discussed, but any significant rduction in virus 
content of infected mouse lungs can be considered im- 

portant. 
The addition of either ribonuclese or DL-p-fluoro- 

Ihenylalanine to the mixture of L-canavan Inc , benz imidazo le 

DL-3-pheny1ser me, axd DL-rn-tyrosine resulted in signif- 
icant reductions in virus hemaggiuinin titers in the 

lungs of treated mice coripared with non-treated contro1. 
The five component mixture containing DL-p-f luorophenyl- 

alanine was especially interesting in that it appeared 

to be relatively nontoxic for the mice. Fron the stand- 
point of pulmonary consolidation, the five component 

mixture containing DL-p-f luophenyla1anine appeared less 
effective than the four coiponent mixture without DL-p- 

fluorophenylalanine. 

On the basis of couparative measureuents of virus 
heuagglutinïn and pulmonary consolidation in the lungs of 

treated and non-treated mice, the use of combined inhib-- 
itors appears to offer a definite approach to the 
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chenotherapy of virus infections. The search for selec- 

tive antiviral agents is complicated by the lack of under- 

standing of the complex chemistry of virus development 

and the intimate association between infecting virus and 

host cell. In spite of the prob1eîis, however, there i 

an ever mounting accumulation of data in the area of ex- 

periienta1 chemotherapy. As these investigations con- 

tinue, it is very likely that practa1 therapeutic agents 

will eventually be found. Although the combinations 

studied in this investigation require far too large dosage 

levels with respect to the weights of the test animals to 

be considered of practical significance in the treatient 

of virus diseases, the experiental evidence indicates 

that further explorations along these lines might be 

prof itable. 
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SUMMAßY AND CONCLUSIONS 

In prc1iiflary tissue culture experiments using chick 

embryo chorloallantoic ieinbrane tissues infected with 

Lee influenza virus, 16 inhibitor pairs were examined 

for combined effects on the inhibition of virus develop- 

ment. Three pairs, L-canavanine plus benzimidazole, 

L-canavanthe p lus DL- -phenylser me, and DL- -phenyl- 

serine plus benzimidazole showed. synergistic effects 

against virus multiplication, of the remaining 13 

Pairs, 2 showed only slight additive effects and 11 

showed no combined effects. 
2. Tssue culture experiments with selected pairs of anti- 

metabolite inhibitors of influenza virus development 

revealed that pairs composed of L-canavanine plus DL- 

p-f luorophenylalanine , L-canavan inc p lus DL-m- tyr o- 

sine, DL-p-phenylser Inc plus DL-p-f luor ophenylalanine, 

DL--phenylserine plus DL-m-tyrosine, and benzimid- 

azole pIUS DL-i-tyrosine were also synergistic. 
3. The addition of ribonuclease, an enzyme inhibitory for 

influenza virus multiplication in tissue culture and 

for protein synthesis in a number of biological systems 

to either L-canavanine or DL-p-f luorophenylalanine 

resulted in synergistic effects on the inhibition of 

influenza virus deve1o,ment in tissue culture. 
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4. In tissue culture tests addition of DL-p-phenylserine 

to a mixture of L-canavanine and benzirnidazole result- 
ed in inhibition of virus development significantly 

greater than that exected from summation of the 

effects of the pair and DL--phenylserine alone. 
Similarly the addition of DL-T- fluorophenylalanine 
to a mixture of DL--phenylserine and DL-m-tyrose 
resulted in synergistic effects on the inhibition 
of virus development. The aíoition of ribonuclease 
to a mixture of L-canavanine aid DL-p-f luorophenyl- 

alanine also resulted in synergistic effects on virus 
inhibition. 

5. The addition of either DL-m-tyrosine, DL-p-f luoro- 
rhenylalanine, or ribonuclease to a mixture of L- 

canavanine, benzimidazole, and DL-3-phenylserine 
caused further enhancement of the combined effect on 

influenza virus inhibition in tissue culture. 
6. The addition of L-canavanine to a rixture of DL-p- 

pheny Iser me, DL-m- t yr os me, and DL-p-f luor opheny 1- 

alanine resulted in inhibitory effects significantly 
greater than would be obtained from the expected sum 

of the effects of the three component mixture and 

L-canavanine alone. 
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7. The results obtained in tissue culture experiments 

with selected inhibitor combinations suggested that 

the synergistic effect on inhibition of virus multi- 

plicat ion was due to simultaneous interference with 

two or more reactions involved in the synthesis of 

virus protein. 

8. Comparisons of concentrations significantly inhibi- 

tory for influenza virus development in tissue culture 
with those necessary to cause suppression of growth 

of chorioallantoic membrane cells revealed that certain 
combinations rossussed increased selectivity of anti- 

viral action comDared to the individual inhibitors. 

The selectivity f action was expressed by the ratio 

of minimum toxic concentration to virus inhibitory 

concentration. Selectivity ratios for the individual 

inhibitors ranged from a value of 2 for benzimidazole 

to 32 for ribonuclease; most were in the range of 2 

to 8. The combinations, however, gave ratios as high 

as 128 for L-canavanine plus DL-p-f luorophenylalanine 

and DL-p-fluorophenylalanine plus ribonuclease. Selec- 

tivity ratios for selected three and four component 

mixtures were in the range of 12 to 64. It was con- 

cluded from these results that the use of combined 

inhibitors, in tissue culture at least, significantly 

enhanced one of the most desirable properties of any 
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cheniotherapeutic agent, i.e., effective activity at 
concentrations far removed from those toxic to tissue 
ce Ils. 

9. A mixture of L-canavanine, benzimidazole, DL-3-pheny1- 

serine, and DL-m-tyrosine, at a concentration causing 

marked inhibition of influenza virus development in 

tissue culture, caused no in vitro inactivation of 

influenza virus hemagglutinin or infectivity. A 

similar lack of virucidal action was noted with a 

significant ly inhibitory mixture of L.-canavanine, 

benzimidazole, DL.-pheny1serine, and DL-p-fluoro- 
phenylalanine. These results indicated that direct 
virucidal action played no part in the inhibitory ef- 

fects observed with these combinations. 

IO. Treatment with maximum tolerated doses of L-canavanine, 
benz imidazole , DL- -pheny1ser inc , DL-m- tyros inc , DL- 

p-fluorophenylalanine, or ribonuclease failed to sig- 

nificantly influence virus development in the lungs 

of Lee influenza virus infected iice compared with 

non-treated controls. Treatment consisted of 6 intra-. 

peritoneal injections per mouse at intervals of 9 to 

13 hours. Intranasal inoculation of 10 DD50 of Lee 

virus per mouse followed the first compound injection 
by approximately one hour. The lungs of test and 

control grouDs were removed and titrated for virus 
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hernagglutinin approxiìiate1y 72 hours after inoculation 

with virus. 
11. Treatment of influenza virus infected mice with a mix- 

ture of L-canavanine and DL-p-f luorophenylalanine 

failed to significantly inhibit virus development in 

the lungs compared with non-treated ontro1s. 

12. Treatment of influenza virus infected mice with three 
comDonent mixtures consisting of (a) L-canavanine, 

benz iniidazole , and DL-3-pheny1ser Inc 
; (b) DL--pheny1- 

serine, DL-m-tyrosine, and DL-î-f1uororhe...,la1anine; 
and (c) L-canavanine, DL-p-f luorophenylalanine, and 

ribonuclease failed to significantly inhibit virus 
development in the lungs compared with non-treated 

controls. 

13. Treatment of influenza virus infected mice with four 

component mixtures consisting of (a) L-canavanine, 
benz imidazo le , DL- 3-phenylser Inc , and DL-p- fluoro- 

phenylalanine and (b) L-canavani.ne, DL-3-phenylserine, 
1)L-p-fluorophenylaíanine, and DL-m-tyrosine caused 
slight reductions in virus content in the lungs corn- 

pared with non-treated controls. 

14. Treatment with a rniture of L-canavanine, benzimid- 

azole, DL-3-phenylserine, and DL-ni-tyrosine cause pro- 

nounced reduction in virus content in the lungs of 

influenza virus infected mice and, in addition, sig- 
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significantly reduced the extent of pulmonary con- 

solidation. The reduction in virus heniaggiutinin 

titers in the lungs declined rapidly with decreasing 

dosage levels of the mixture, but the suppression of 

7ulmonary consolidation was marked at the lowest 

dosages tested. The inhibition of virus development 

and reduction of pulmonary consolidation appeared to 

be at least partly independent processes. Pulmonary 

consolidation was also observed in the lungs of mice 

receiving intranasal instillations of saline without 

virus. The source of this consolidation was inappar- 

ont. Plate counts on mouse lung suspensions showed 

no consistent correlation between bacterial numbers 
and degree of consolidation. An important feature of 

the suL7rression of pulmonary consolidation observed 

with this four component mixture was the demonstration 
of a beneficial effect on one of the pathological 

tissue changes associated with viral infection. Do- 

sage levels of this four component mixture causing 

pronounced inhibition of virus development in the 

lungs also showed considerable toxicity to the mice. 

Toxicity to the animals ax the extreme doses re- 

quired to cause significant inhibition of virus de-. 

velopment in the lungs indicated that this mixture 

was of little value from the standpoint of practical 
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chernotheraoy, but the observation that there was 

inhibition of virus deve1orment in the lungs of an 

intact animal lended encouragement to further explor- 

ations of the use of combined inhibitors against virus 

infections. Compounds capable of producing such an 

effect are rare indeed. 

15. Selected five component mixtures were observed to 

significantly reduce virus hetnagglutinin titers in 

the lungs of infected mice compared with non-treated 
controls. A five component mixtu: : of L-canavanine, 
benzimidazo le , DL-Ç3-phenylser Inc , DL-m-tyros me , and 

DL-p-fluorophenylalanine caused a significant degree 

of inhibition in the lungs, but appeared less effec-- 

tive in reducing pulmonary consolidation than the four 

comnonent mixture wi thout DL-t'-f luorophenyla Ian me. 
This mixture appeared to be relatively non-toxic to 

the mice at concentrations causing marked inhibition 

of virus development in the lungs, suggesting that 

further explorations of its inhibitory effects might 

be profitable. 

16. A second theoretical advantage of combining individual 

virus inhibitors was thus achieved, in a limited way, 

in the mouse studies. That is, It proved possible with 
certain four and five component "ixtures, but not with 



148 

fewer components, to enhance the inhibitory effect 

on influenza virus multiplication sufficiently to 

suppress the development of this agent significantly 

in the lungs of infected mce. 
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