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We conMucted studies with mice, rats, and monkeyFswhich demonstrated the

0 ability of glucan to induce either nonspecific or specific enhancement of host A
resistance to infectious diseases. Intravenous pretreatment of mice with glucan
significantly enhanced the survival of mice challenged with either Venezuelan -
equine encephalomyelitis (VEE) virus or Rift Valley fever virus. Pretreatment

0 was beneficial when initiated 3 days before challenge with VEE virus and 7 days
before challenge with Rift Valley fever virus. Treatment of mice after VEE
challenge did not increase their survival compared with controls. Glucan pretreat-
ment of rats provided increased resistance to both intraperitoneal and low-dose
aerosol challenges with virulent Francisella tularensis when the glucan was given
intravenously, but not when it was administered intranasally. In contrast, intra-
nasal glucan pretreatment enhanced the survival of mice when they were chal-
lenged by aerosol with Pseudomonas pseudomalei, whereas intravenous glucan
pretreatment did not increase survival. Mice given glucan combined with a
marginally immunogenic dose of VEE vaccine were more resistant to homologous
virus challenge than were mice given either Freund complete adjuvant plus
vaccine or vaccine alone. Similarly, both primary and secondary VEE antibody
titers in cynomolgus monkeys given glucan with VEE vaccine were significantly
greater than titers in vaccine controls.

The importance of the reticuloendothelial sys- With the advent of numerous pharmacological
tem and its primary component, macrophages, agents which selectively enhance reticuloendo-
in mediating host resistance to infectious dis- thelial system function, the study of macro-
eases was recognized some time ago. To pars- phage-mediated host resistance is both a fruitful
phrase Minis (25), macrophages are literally in and meaningful scientific endeavor. We used one
a position to control the susceptibility of animals such macrophage stimulant, yeast glucan, in the
to infectious diseases, since they monitor the studies reported here.
main body compartments and may control the Yeast glucan is extracted as a particulate com-
entry of infectious microbes to target organs. pound from the inner cell walls of bakers' yeast
Numerous investigators have demonstrated the (Saccharomyces cerevisiae) and has been shown
nonspecific (i.e, not immune-mediated) ability to be a water-insoluble, P-l,3-glucopyranose pol-
of macrophages to influence host susceptibility ysaccharide with a helical ultrastructural config-
or lack thereof to a number of infectious proc- uration (6, 30). Glucan potentiates both cellular
eases (1, 14, 15, 18, 23, 27, 33; L. J. Old, D. A. and humoral immunity to a diverse group of
Clarke, E. Stockert, C. Porter, and S. W. Oren- microbial and tumo: antigens and nonspecifi-
ski, Fed. Proc. 20:265, 1961). Furthermore, only cally enhances host resistance to neoplastic, bac-

>= recently has the crucial role of macrophages in terial, and fungal diseases (6-10; N. R Di Luzio,
0- antigenic recognition and processing during the W. Browder, KI McNamee, and J. A. Cook, Fed.
(: induction and amplification of specific immune Proc. 86:1242, 1977). Its effects can be catego-

, responses been recognized (14). Apparently, rized as macrophage-mediated immunotimula-
macrophages not only are capable ofmodulating tion. The purposes of this study were (i) to

LLj the response to an immunogen, but also can examine the immunomodulating activities of
_ control what specific molecular sequence is rec- glucan on the nonspecific enhancement of host

Sognized as an antigenic determinant (31). resistance to infectious diseases by using pri-
ognie amary pathogens and (ii) to amess the adjuvant

t Present addres: Pfizer Central Research, Groton, CT activity of glucan when it is administered with

06340. inactivated viral antigens.
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MATERIALS AND METHODS (28). After passage, cultures were incubated in Tryp-
Animals. Outbred male mice (either CD-I [Charles ticase soy broth (pH 6.8) at 37*C for 48 h and stored

River Breeding Laboratories, Wilmington, Mass.] or in 5-ml portions at -600C. When thawed, the cultures
strain ICR [Edgewood Arsenal, Edgewood, Md.]) contained 2 x 10' colony-forming units per mL
weighing 20 to 25 g were housed in steel, closed-bottom Serum neutralizing antibody determinations.
cages with hardwood chip bedding. Male, inbred VEE serum neutralizing antibody titrations were per-
Fischer-344 rats (Harlan Laboratories, Indianapolis, formed in triplicate (11) by using Vero cells grown in
Ind.) weighing 200 to 225 g were housed in polycar- six-well plastic trays. Starting with an initial dilution
bonate cages with the same bedding. All rodents were of 1:4, serial twofold dilutions were made in Hanks
fed a commercial diet (Purina Rodent Chow; Ralston- balanced salt solution. The greatest serum dilution
Purina Co., St. Louis, Mo.) and given water ad libitum. giving 80% plaque reduction was selected as the end-
Monkeys were healthy, mature, laboratory-condi- point. Endpoints below 1:4 were assigned a value of 1:tioney werehealtnkeys (Macaca fasciculari, 2 to calculate the group geometric mean titer.

both sexes) which were seronegative for Venezuelan Statistics. Chi-square analysis with Yate's correc-

equine encephalomyelitis (VEE) virus-neutralizing an- tion was used to compare the mortality data of test

tibody. Monkeys were housed individually in sus- groups with their controls. One-way analysis of vari-
pended metal cages and fed a commercial monkey diet ance was used for intergroup comparisons of antibody
(Purina Monkey Chow) twice daily and provided wa- data.
ter ad libitum. The monkey diet was supplemented
three times a week with fresh fruit. All animals were RESULTS
kept in rooms at a constant temperature (220C) with Nonspecific potentiation of resistance. (i)
a 12-h light-dark cycle. N i chlene. oC re laced

Glucan. Endotoxin-free glucan was prepared by a VEE virus challenge. ICR mice were placed
modification of the procedure of Hassid et al. (16) and into four experimental groups containing 60 mice
was supplied as a sterile suspension either in a 0.9% each (Fig. 1). Mice in groups I through HI were
NaCI solution or in water. The concentration was given 4 mg of glucan per 100 g of body weight in
adjusted as needed by using sterile pyrogen-free saline 0.1 ml intravenously (i.v.) at the following times:
or water. group I, days -3 and 0; group II, days 0 and 3;

VEE antigen. The Formalin-inactivated VEE vac- group III, days 1 and 4. The mice in group IV
cine used in these studies has been described previ- were given saline on days 0 and 1. On day 0, 20
ously (5). All vaccine dilutions were made with sterile animals in each group were challenged i.p. withpyrogen-free saline. 8,000, 800, or 80 mouse i.p. 50% lethal doses of

Challenge viruses. The Trinidad strain of VEE VEE virus. Mice were observed daily for mor-
virus was isolated in guinea pigs from a donkey in
Trinidad. In addition to the guinea pig passage, there tality, and percent survival for each group was
had been 13 serial passages in embryonated chicken calculated on day 21 postchallenge.
eggs, 1 passage in duck embryo cells, and i final Glucan treatment given i.v. either on days 0
passage in chicken fibroblasts. This virus strain pro- and 3 or on days 1 and 4 postinfection did not
duces a fatal paralytic disease in mice when inoculated provide enhanced protection from virus chal-
subcutaneously or intraperitoneally (i.p.). Inocula lenge compared with the saline controls. In con-
were diluted before challenge with phosphate-buffered trast, glucan pretreatment on days -3 and 0 did
saline containing 1% normal, heat-inactivated rabbit provide significant nonspecific protection from
serum. The virus challenge dose was titrated by inoc- challenge With either 800 or 80 mouse ip.ulating serial 10-fold dilutions into nonvaccinated miceand calculating the 50% lethal dose, as previously lethal doses of virulent VEE virus (Fig. 2). These
described (29). glucan-treated groups had 27 and 35% survival

The Zagazig 501 strain of Rift Valey fever (RVF)
virus was isolated in 1977 by James Meegan, Cairo, GLUCAN (4 ,,g1000 IV)

Egypt, from a fatal human case of RVF with hemor-
rhagic manifestations. Virus from human serum was WEE G. CHALGE
passaged twice in diploid fetal rhesus monkey lung GIVEN ,000. 600. ORSO MPLO50
(FRhL-103) cells. Inocula were diluted in Hanks bal- |
anced salt solution containing 2% normal, heat-inac-
tivated fetal bovine serum. GROUP I GROUP

Challenge bacteria. Virulent Francisella tularen- GS - -11F

sis strain SCHU 84, which was used for aerosol and I I 1 1
i.p. challenges, was prepared and stored at -60*C (12). DAY OF OLUCAN AOMINISTRAYIOk
The aerosol challenge dose was calculated on the basis G A G IGROUP IV GROUP III

of the concentration of the organism per liter of aero- SALINE
sol, the duration of exposure, and the tidal volume of CONTROL
the animal (20). FIG. 1. Experimental design to assess the ability

Pseudomonaspseudomallei ATCC 23343 was used. of glucan to potentiate nonspecifleally the resistance
Its virulence for mice was enhanced by 20 serial intra- of mice to VEE virus chaUenge. MIPLlDM Mouse ip.
cranial passages, followed by 5 i.p. passages in mice 50% lethal doses.
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FIG. 2. Resistance of glucan-treated mice (-, 4 mg/10 g) to challenge with various doses of VEE
virus. MIPLDo, Mouse i.p. 50% lethal doses. - - -, Saline; 0, P < 0.05.

rates, respectively, compared with 0 and 5% TABLE 1. Effects of glucan pretreatment on
survivors in their corresponding controls. survival of mice challenged subcutaneously with

(ii) RVF virus challenge. CD-1 mice were RVFvirus
placed into treatment groups of at least 40 mice Treatmentb No. of survivors/ % Survival p
each. One group was given 5.2 mg (0.1 ml) of total no. on day 21
glucan per 100 g of body weight i.v. on days -7, Glucan 36/43 84 <0.005
-4, and -1, and another group was given only Saline 20/40 50
saline. Mice were challenged subcutaneously on Mice were challenged on day 0 with 100 or 250
day 0 with either 100 or 250 plaque-forming plaque-forming units of RVF virus.
units of RVF virus. All mice were observed daily, b Glucan (5.2 mg/100 g of body weight in 0.1 ml)
and survival was determined on day 21. was given i.v. on days -7, -4, and -1, or 0.1 nil of

Because there was no difference in survival saline was given i.v. on days -2, -1, and 0.
between the two virus challenge doses, results
were pooled (Table 1). There was a significant TABLE 2. Effect of glucan pretreatment on survival
potentiation of resistance to challenge with vir- of rats infected with F. tularensis
ulent RVF virus in glucan-treated mice com- Survival
pared with controls. Survival in treated mice Treat. Route Infection N a

was 84%, compared with 50% in controls. ment No./to. P
(iii) F. tularenaja challenge. Inbred Fischer- tal no.

344 rats were divided into experimental groups Glucn i.v. None 24/24 100
(Table 2). They were treated with glucan (1 mg/ i.n. None 16/16 100

100 g of body weight) either i.v. or intranasally None 'p. 0/16 0

(i.n.) on days -5, -3, and -1. The group treated Glucan i.v. i.p. 11/16 65 <0.0001i.n. was anesthetized with halothane (Fluothane; None Aerosol (10 / 38

Ayerst Laboratories, New York, N.Y.) before cells)
inoculation of the calculated glucan dose in 0.1 Glucan i.v. Aerosol (10' 3/16 19cell)
mL Rats were challenged with virulent F. tula- i.n. Aerosol (10 3/8 38
rensis by either i.p. inoculation of 10' cells or cells)
exposure to 105 or 103 cells in a small-particle None Aerosol (10' 6/16 38

aerosol delivered by a modified Henderson tube cels)
(20). Mortality rates were calculated on day 21 Glucn i.v. Aerosol (0s  16/16 100 <0.001cells)
postinfection. i.n. Aerosol (10' 10/16 63

Mortality of untreated rats was 100% after i.p. cils)
inoculation and 62% after either high- or low- "Glucan (I mg/100 g of body weight) was given i. via the
dose aerosol exposure. In contrast, i.v. pretreat- tail vein or i.n. (total volume, 0.1 ml) on days -5, -3, and -1.
ment with glucan significantly increased survival
of rats challenged both by the i.p. route and by did increase survival in the low-dose aerosol
a low-dose aerosol exposure (Table 2). However, challenge group, but this enhanced protection
glucan given i.n. did not increase survival in was not statistically significant.
animals challenged Lp.; i.n. glucan pretreatment (iv) P. pseudomallei challenge. ICR mice

.. ,.L,
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were assigned to experimental groups (Table 3). TABLE 4. Adjuvant effects ofglucan combined with
They were treated with 2.0 mg of glucan per 100 VEE vaccine given subcutaneously to mice which
g of body weight in 0.1 ml either i.v. or in. on were then challenged at 21 days with virulent VEE
days -7, -4, and -1. Control mice received only virus
0.1 il of sterile water on the same days and by % Sur-
the same routes. Mice treated i.n. were anesthe- Treatment' vival P
tized with halothane before instillation of glucan (n - 16)

or water. Mice were each challenged in the Hen- VEE + glucan 81 <0.06

derson tube on day 0 with 30 aerosolized mouse- VEE + saline 38c . t es VEE + Freund complete adjuvant (1:1) 61
adapted P. pseudomallei cells. Mortality rates Saline control 6were calculated on day 21 postinfection.Thre aclated o ay luc pretetmenon the VEE, 0.3 ml of vaccine (1:4 dilution); glucan, 2.0 mg/100
The effects of a glucan pretreatment on the g of body weight.

survival of mice challenged with P. pseudomal- 'The decreased survival rate of the group given Freund
lei are shown in Table 3. Glucan given i.n. sig- complete adjuvant was not significantly different than the
nificantly increased survival of infected mice survival rate of vaccine controls (P < 0.01).

compared with controls treated with water i.n.
Despite the 40% survival rate in the i.n. water- vaccination with 425 mouse i.p. 50% lethal doses
treated and infected controls, the s% survival of virulent VEE virus and were observed for 21
rate in the i.n. glucan-treated group was still days for mortality. Mice given glucan plus vac-

highly significant (P < 0.001). The reason for cine were significantly more resistant to homol-
the increased survival of the i.n. water-treated ogous virus challenge (Table 4) than were mice
animals cannot be explained by the present data. given either vaccine alone or vaccine emulsified
Glucan given i.v. did not enhance the resistance in Freund complete adjuvant. The glucan-
of aerosol-challenged mice significantly. treated group had 81% survivors, compared with

Specific enhancement of resistance. (i) 38% for the vaccine controls.
VEE virus challenge. This experiment was (ii) VEE serum neutralizing antibody
done to evaluate the adjuvant activity of glucan production. This study assessed the ability of
in mice when the glucan was combined with a glucan, when given in combination with VEE
marginally immunogenic dose of VEE virus vac- vaccine, to enhance both primary and secondary
cine. Male CD-1 mice were placed into four antibody responses to VEE virus in cynomolgus
groups of 16 mice each and inoculated subcuta- monkeys. Three groups of four monkeys each
neously with 0.3 ml (1:4 dilution) of VEE vaccine were inoculated intramuscularly on day 0 and
combined with either 2.0 mg (0.1 ml) of glucan boosted on day 28 with 0.5 nl of VEE vaccine
per 100 g of body weight, Freund complete ad- alone or VEE vaccine combined with either 0.5
juvant (1:1 ratio with vaccine), or an equivalent or 1.0 mg of glucan per 100 g of body weight. All
volume of saline (Table 4). The control group monkeys were bled at weekly intervals for serum
received 0.4 nl of saline, neutralizing antibody determinations.

All mice were challenged i.p. on day 21 post- The geometric mean serum neutralizing anti-
body titers for all groups of monkeys over an 87-

TABLE 3. Effect ofglucan pretreatment on survival day period are shown in Fig. 3. The antibody
of mice infected with mouse-adapted P. titers in the three groups during the first 21 days
pseudomallei by small-particle aerosol post-inoculation were not significantly different.

Survival However, on day 28 the titers in monkeys given
Treat- Route' Infec- pb 1.0 mg of glucan per 100 g of body weight com-
ment tion No./to- % bined with vaccine were significantly (P < 0.05)tel no. greater than the titers in the vaccine controls.

None + 7/40 18 After boosting on day 28, the antibody titers
Glucan iv. - 40/40 100 in monkeys given 1.0 mg of glucan per 100 g of+ 11/40 28

Glucan i.n. - 40/40 100 body weight plus vaccine remained significantly
+ 34/40 86 <0.001 elevated compared with the vaccine controls for

Water i.v. - 20/20 100 at least 52 days. In contrast, the antibody re-
+ 2/20 10 sponses of monkeys after two doses of vaccine

Water i.n. - 20/20 100 combined with 0.5 mg of glucan per 100 g of
+ 8/20 40 body weight were significantly elevated only on

All treatments were given on days -7, -4, and -1. days 42 through 56 compared with the titers in
Glucan (2.0 mg/100 g of body weight) was given in a the vaccine controls. On day 87, when the ex-
total volume of 0.1 ml. periment was terminated, the antibody titers of

' Compared with i.n. water-treated and infected monkeys given two injections of vaccine corn-
group. bined with either 1.0 or 0.5 mg of glucan per 100
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FIG. 3. Primary and secondary antibody responses of cynomolgus monkeys immunized intramuscularly
with VEE vaccine plus glucan.

g of body weight were 22-fold (1:512) and 3-fold (25, 26, 34). Indeed, our studies suggest that by
(1:64) higher, respectively, than the titers in the enhancing macrophage function with glucan, the
vaccine controls (1:23). reticuloendothelial system is in an as-yet-unde-

fined manner capable of effectively reducing the
DISCUSSION pathogenicity of VEE and RVF virus infections

in mice. An examination of the biochemical and
We utilized glucan to alter nonspecifically the cellular events responsible for this glucan-in-

course of several lethal experimental infections duced enhanced resistance would be a worth-
in mice and rats. In addition, we demonstrated while endeavor.
the ability of glucan to enhance specifically the The ability of macrophages to alter the fate of
resistance of mice to homologous virus challenge intracellular microorganisms, especially bacte-
and to potentiate both primary and secondary ria, has been reported (15, 23), although the
antibody responses in nonhuman primates, precise mechanisms are not entirely understood.
Since glucan has been shown by others to induce Most studies demonstrating glucan-induced ir-
readily both hyperplasia and hyperfunction of munopotentiation have dealt only with infec-
the reticuloendothelial system (2, 3, 9, 36), it is tious agents that are primarily opportunistic
our assumption that this enhanced nonspecific (e.g., Staphylococcus spp., Candida, sporotri-
resistance and this specific resistance were due chosis) and with noninfectious neoplastic dis-
primarily to macrophage-mediated events, eases (7, 8, 10, 22). We have demonstrated mod-

The possible role of glucan-induced interferon ifications in the courses of selected infectious
as a mediator of the increased nonspecific resist- diseases by glucan treatment by using highly
ance to both VEE and RVF virus challenges virulent bacteria and viruses.
seen in our studies was not examined. Since Data from our studies with bacterial infections
glucan is now known to be an interferon inducer suggest that the efficacy of glucan treatment
(Di Luzio, unpublished data), this explanation may vary depending upon its route of adminis-
seems likely. In addition, pretreatment of mice tration and the specific host-parasite interaction.
with glucan before challenge with a lethal virus An experimental tularemia infection of rats re-
infection may create an environment for a more suts in a systemic dissemination of virulent
efficient induction of interferon by the virulent organisms within 24 h after i.p. inoculation and
challenge virus. This priming or augmentation within 48 h after aerosol challenge (Jemski, un-
of interferon production has been noted by oth- published data). Prior activation of the reticu-
ers both in vivo and in vitro, using various syn- loendothelial system by i.v. glucan pretreatment
thetic interferon inducers and viruses (13, 32). resulted in a marked potentiation of resistance

The pathogeneses of both RVF virus and VEE to i.p. tularemia infection, whereas local depo-
virus infections have a significant macrophage sition of glucan in the pulmonary tract did not
component (19, 24, 25). The phagocytic cells of increase significantly resistance to an over-
the reticuloendothelial system are uniquely sit- whelming respiratory or systemic challenge with
uated to provide a functional blockade to virus virulent organisms.
infection of hepatocytes or other target organs Conversely, respiratory melioidosis, which

.... "-f .. ... II ....... ....................... ...... ...................... /1 ....... ll ll............... ..... L ""* .
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usually does not become systemically dissemi- cine prepared from attenuated (TC-83 strain) virus.
nated until the terminal stages of the disease, Appl. Microbiol. 27:150-153.
did not respond to i.v. glucan pretreatment. 6. Di Luzio, N. R. 1976. Pharmacology of the reticuloendo.

thelial system-accent on glucan, p. 412-421. In S. M.
However, local administration of glucan to the Reichard, M. R. Escobar, and H. Priedman (ed.), The
respiratory tract significantly enhanced the re- reticuloendothelial system in health and disease: fume-
sistance of mice challenged by aerosol. P. pseu- tiona and characteristics. Plenum Press, New York.
domaei is not an obligate intracellular patho- Di Luzio, N. R. 1977. Influence of glucan on hepatic

macrophage structure and function: relation to inhibi-
gen and readily proliferates in the pulmonary tion of hepatic metastases, p. 397-406. In E. Wise and
alveoli and bronchioles. The extracellular D. Krook (ed.), Kupfer cells and other liver sinusoidal

growth of these organisms is apparently mark- cells. Elsevier/North Holland Publishing Co., Amster-
dam.

edly suppressed by activated macrophages, per- 8. Di Lazio, N. IL, E. 0. Hoftnum, J. A. Cook, W.
haps by the increased production of extracellular Browder, and P. W. A. Mansell. 1977. Glucan-in-
enzymes (22) or bacteriostatic products (17). duced enhancement in host resistance to experimental

Numerous compounds, including BCG (18, tumors, p. 475-499. In M. A. Chirigos (ed.), Control of
33), Bru-pel (37), Corynebacteriumparvum (2, neoplaaia by modulation of the immune system Raven

Press, New York.
muramyl dipeptide (4), and levarnisol (21), 9. Di L zo, N. I., J. C. Pisano, and T. M. Saba. 1970.
which act predominately to enhance macro- Evaluation of the mechanism of glucan-induced stimu-
phage function, have also been shown to en- lation of the reticuloendothelial system. RES J. Retic.

hn eof microbial antigens. uloendothel. Soc. 7:731-742.
hance the immunogenicityDi Luzio, N. I., and D. L Williams. 1978. Protective
The ability of glucan to potentiate humoral an- effect of glucan against systemic taphy/ococcus aures
tibody responses (35) and specific protective im- septicemia in normal and leukemic mice. Infect. Immun.
munity when given as an adjuvant in the above- 20:804-810.
described studies is most easily explained by 11. Early, E., P. H. Peralta, and M. M. Johnson. 1967. A

plaque neutralization method for arboviruse Proc. Soc.
glucan enhancement (i.e., macrophage-mediated Exp. Biol. Med. 125:741-747.
amplification) of immune induction. 12. Egelsbach, L T, D. H. Haunter, W. A. Jansen., IL G.

We did not evaluate systemic morphological Dsngerfleld, and S. G. Rabinowitz. 1975. Murine
changes induced in our studies. Obviously, be- model for study of cell-mediated immunity protection

against death from fully virulent Frncaaise/la harensai
fore the use of macrophage stimulants like glu- infection. Infect. Immun. 12:999-1006.
can would be clinically acceptable, additional 13. Epstein, L B. 1976. The ability of macrophages to aug
work (7) would be required to demonstrate that ment in vitro mttogen- and antisen-stimulated produc-
glucan is nonreactogenic and nontoxic and does tion of interferon and other mediators of cellular im-

munity by lymphocytes. p. 201-234. In D. S. Nelson
not induce irreversible systemic morphological (ed.), Immunobiology of the racrophae. Academic

changes when given at effective dosage levels. Press, Inc., New York.
The true benefit of macrophage stimulants, 14. Friedman, IL 1978. Macrophages in immunity--coclud.

such as glucan, may reside not only in their ing remarks and general summary. Fed. Proc. 37:102-
104.

adjuvant activitiy, but also in their ability to 15. Galily, R., Z. Douchan, and D. W. Wels. 1977. Poton.
maintain nonspecific resistance to infectious dis- tiation of mouse pentoneal macrophage antibcteal
eases while a host is temporarily immunosup- functions by treatment of the donor animals with the
pressed, as is the case with cancer chemotherapy methanol extraction residue fraction of tubercle bacilli.

Infect. Immun. 18:406-411.
and radiation injuries. 16. Hassld, W. Z., I A. Joely. sad IL . McCready.

1941. The molecular constitution of an imokuble poly.
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