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PRODUCTION OF HIGH LEVELS OF BACILLUS ANTHRACIS TOXIN ANTIGENS

IN A NEW, DEFINED CULTIRE MEDIUM

*
JOSEPH D. RISTROPH | AND BRUCL E. IVINS

U, 5. Arav Medical Research Institute of Infectious Diseases,

Fort Detrick, Frederici, Marvland 21701

Short ritle: Defined Culture Medium for B. Anthracis

In conducting the research described in this report, the investigators

adhered to the "Guide for the Care and Use of Laboratory Animals," as

promulnated by the Committee on Care and Use of Laboratory Animals of

the Institute of Laboratory Animal Resources, National Research Council,

The facilities are fully accredited by the American Association for

Acereditation of Laboratory Animal Care.

The views of the authors do not purpott to reflect the positions of

the Department of the Army or the Department of the Defense

Phone No. Dr. Ristroph (301) 663-7341.

DTIC

AELECTE

Dot

Acgeaston For
KIS ovakl PP
I'YIC 1% 0
Unnananicod 3@
Ju'.zl.ll‘l;:atlcm....____.h
e emameme mma -~——_‘
).} 2
Distribution/

v ]
.Avgilabllity Codes

‘Avail and/ep

Specinl

!

|

f

§
—

\




L3

N\ ABSTRACT
Tmprovad cultufal conditions and a new, completely synthetic medium
(R medium) were devsloped to facilitacé-:ﬁé pégigction of Bacillus
anthracis holotoxin antigens. Levels of these antigens, up to five-fold
zreater than the highest previously reported values, have been produced
using the described system. The R medium was shown to beASuperior to
1095 and casamino acids media for the elaboration of lethal factor and
protective antigen., The Sterme, V770-NP1-R, and Vollum lB strains of
5. anthracis were cultured for 42 h in R medium. Growth, pH change,
zlucose_uéiliz;:;on, and supernatant protein concentration, lethal toxin
activity_and protease gctivity were monitored during this period.
Lethal toxin production in all three strains was first detectable in
late log‘phase and reacﬂed its maximum level durimrg the stationary
ghase. Proteolytic activi;y, presumably responsible for degradation of
‘ ~ the toxin, was detected in the supernatants of all three strains. _The
use of R medium to produce larger quant;ties(of,g. anthracis edema

factor, protective antigen, and lethal factor wilklfécilitate the

biochemival, bicphysical and immunological characterizations of these

three toxin components,

1
1
4
1
i
%
A |

ARSI Rt p as® 305 o st SN b i e . - ]
- — ) TR ST Ol




o M
4t e smee cam - s

The trisartite toxin of Bacillus anthracis is a complex toxin or

toxic mixture (4) composed of three polvpeptide factors (2, 23): edema
- - - - - T

factor (EF; Zactor [), protective antigen (PA; factor II) and lethal
factor (L¥: factor IIT). None of the factors aloune possess demomstrable
toxi ACtiv}ty (6, 14, 21), however intravenous injection of PA plus LF
kills mice (21). racs (1, 2), and guinea pigs (22), while inctradermal
injection of 27 nlus EF produces edematous lesions in the skin of guineu
pigs (8) and rabbits (<4). LF, PA, and possibly EF are individually
immunogenic. Parenteral administration of combinations of the three
facrers, or of 1LY or PA elicits varving degrees of protection from toxin
or spore challenge in exXperimental animal hosts (15, 23).

In order to study tne mechanisms of action of anthrax torin and its
role in 3. anthracis pathogenesis, and as a prerequisite to vaccine
development, investigators have devoted considerable attention to the
production and purification of the three toxin components. Gladstomne's
demonstration in 1948 that B. anthracis produced an immunizing antigen
when cultured in vitro under carefully controlled conditions (9)
stimulaﬁed other researchers (3, 16, 30) to delineate specific cultural
conditions affecting elaboration of the antigen. It was not unt11\1958,
however, that Harris-Smith et al. (11) first demomstrated in vitro
formation of an anthrax holotoxin possessing both lethality-producing
and edema-producing activities. Subsequent attempts to improve both
growth media and cultural conditions for production of protective antigen
(L7, 18, 31) or whole toxin (2t, 27) led to the development of the 1095
madium of Wright et al. (18) and the casamino acids medium described by
Haines et al. (10). Unfortunatcly, rather low yields of protective
antigen are produced in 1095 medium (12), while the casamino acids

medivm is incompletely defined and contains activated charcoal powder (10).
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The studies reported here accomplished three primary goals: (i)
k. o imprbvgd cultural conditions and a comg;egely‘gffined qrowth medium for
v ' 3. anthracis in which EF, PA, and LF zre elaboiated at high levels; (ii)
1 comparison of production of lethal toxin by strains of B. anthracis
cultured in 1095 and casamino acids media, and the new, defined medium:
and (iii) examination of the parameters of B. anthracis growth, toxin
formation, carbohydrate utilization, and protease production over a 42-h
period of culture in the new medium. The resulté presented here
demonstrate that with the new, defined medium, anthrax toxin antigens

;an be produced in vitro at levels'greater than previously reported.
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MATERIALS AND METHODS

3acterial strains. A virulent, encapsulated strain ogrﬂacillus
anthracis (Vellum 1B) And twe hvpovirulent, nonen;;psulagzsvstrains
(Sterne and V770-NP1-R}, were obtaimed in lyophili;ed form from the
cu;:ure baak of the United States Army Medical Reséarch Institute of
Infectious Diseases, Fort Detrick, Frederick, Macvland. Vegetative
orzanisms were stored frozem until use at -70°C in brain heart infusion
(Difco Laboratories, Decroit, Mich.) plus 12% glycerol.

Media. Trypricase soy agar (1SA) was obtained from Baltimore
8ivlugical Laboracories (BB, Cockeyaville, Md.). Plates of sheep blood
Agar (SBA) were prepared using blood asar buse (Difco) plus 5% sterile,
defibrinated sbeep blood. Casamino acids (CA, 27), 1095 (18), and
svnthetic R media were emploved in these studies. Their composition is
listed in Table 1. The components of 3ll media were chemically pure or
reagent grade and were obtained from 3igma Chemical Company (St. Louis,
Mo.)., The R medium was developed by modifving the CA medium in the}
following ways: (i) the quantities of individual amino acids found in
3.6 g of veast extract weve substitured for 3.6 g of casamino acids
(19); (ii) the conceatration of glucose was raised from 0.2 to 0.253;
(iii) momobasic potassium phosphate was omitted, and the concentration
of dibasic potassium phosphate was increased from 0.088 to 0.3% to
provide increased buffering; and (iv) activated charcoal powder was
omitted.

Each liter of R medium contained the following components: (i)
L-tyrosine, potassium phosphate, sodium-lL-glutamate, and L-aspartic acid
dissolved in 450 ml triple-distilled water heated to 60°C; (ii) 1 =l
of a 1000-fold conceptrated stock solution of cystime in 1.0 N HCl;

(i1{1) 25 ml of 40-fold concentrated stock solutions of each of the

il kel
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remaining components except sodium bhicarbonate; and (iv) triple-

distilled water ro bring the solution volume to 995 ml. Sodium
bicarbonate was dissolved into the solution and pH was adjusted to 8.0

with 5.9 N XaOH, The nedium was filter-sterilized under positive

oressure using a capsule filter with a 0.35 . pore diameter (Gelman

Sciences, .ann Arbor, Mich.) and stored at 4°C in riehtly capped

Erlenmever {iasks. Medium prepared and stored fn this manner was stable

Sor at least 2 weeks.

?raduction of hieh lewel of toxin antigens. Environmental conditions

favoring production of toxin were empiricaliy developed during formelation
ui the R medium, Blood agar plates were inmoculated with'B. anthracis and
facubated for 12 zo 16 h zt 37°C n 3I C0,. Individual colonies were
suspended in 10 nl sterile nhosphétg buffered saline (PBS) to a density

of approxinately 106 colony-forming wnits (CFU)/nl (approximatelv 0.01
absorbance units at 540 nm on a2 Coleman Junior spectrophotometer, using

a 1.0-cm light path), Erlenmever flasks, ha;f~filled Qi:h R.mediun,

were inoculated with 1.0 ml of the 3. anthracis suspension per 300 zl of
=ediuz, vielding an initial concentration cf approximacgly 2x 103 CFU/ml.
Fl#sks were rightly capped to prevent_loss of CO,, then incubated in a
controlml.ed. en\)iroﬁ:t;eﬁt shaker ‘. (New Brun_sm".cic Sciéntific? New Brunswick,
N.J.) ar 37°C with 60 oscillations/min, Following 16 to 20 h incubation
the cultures were centrifuged (500 X g, 15 min), and the supefnatants
filtered through cellulose acetate membranes (0.353 v pore diameter,
Gelman). Thesexcrude toxin prepa:a;ions were stored up to 6 h on ice,

or for longer periods at ~-70°C (8). ‘On some occa;ions 2-liter Erlemmeyer
filter flasks were used for culturing large quantities. The flasks were
tightly sealed with rubber stoppers, and the side arns were plupged with

vaceine bottle stoppers. At predetermined times flasks were removed,

gently swirled and samples taken via the side arm using a 20-cc syringe




and a 2l-gaupe needle, The flasks were then reincubated for further

sampling at the specified times.

. Serolouical assav. Serological activity.of ¢gde toxin preparations

was measured in an Quchterlony double-diffusion system (20) using antiserum
] obtained from goats injected with B. anthracis Sterne spores. The zoat

antiserum possessed both anti-PA and anti-LF activity (S, Leppla,

o sersunar rommunication). Protective antigen and LF titers were expressed

as reciprocals of rhe maximum dilution of culture superfatant yielding a

precipitin line against goat antiserum diluted 1:2 with PBS,

3iolowical assavs, Lethal toxin activity was measured by injecting

culture supernatant intov the dorsal penile vein of 200 to 300-; Fischer
344 pats and recording time to death (2). The potency nf crude toxin
nreparations was expressed as toxic umnits (TU)/ml and was determined

according to the method of Haines et al. (10),

Zdema~-producing activity was measured by intradermal injection of
serial 2-fold dilutions of culture supernacants into the shaved backs of
300 to 400~¢ Hartley strain guinea pigs and noting edema formactionm 16 to

20 h later (27). Edema-producing activity titers were expressed as the

reciprocals of the final dilution yieiding a positive respunse.

Determination 6f<g;owth and_culture viability. Serial ten-fold

dilutions of culture samples were spread in triplicate onto plates of
TSA, 0.1 ml per plate. After 18 h incubation at 37°C, colonies on the

plates wure counted and CFU/ml in the original culture samples were

» Bmare remi mob

determined.

Clucose and protein assays., Tctal glucose {n the culture

supernatants was determined by the method of Dubois et al. (5). Total

protein in the culture supernatants was determined by the method of

Sedmak and Grossberg (20). o
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Protease assav, Proteolytic activity in B. anthracis culture

supernatants was assaved at pH 7,5 using a heteropeneous mixture cf

uniformly Iabéled II&C] E. coli proteins as subst;:Z; (25, New England
Nuclear, Boston, Mass.). This system is capable of detecting both
unddpeptidase and exdpeptidase'activity, and its sensitivity and abiliry to
b; used within a wide PH range make it suitable for guantitating
low-level proteolvtic acrivity in bacterial culture supernatants. 4s a

positive econtrol, trvpsin (3 X crystallized, Sigma) was assayed in the

svstem at concentrations of 0.1 to 0.0001 ugfml.
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9 _ RESULTS

\\ - ~ " Kinetics of crowth in the R medium. Growth charact®ristics of

the three 3. anthracis strains in the new, defined medium are depicted
_in Fiqf L. All three strains reached statiomary phase, approximately
2% 103 CrU/ml, after 16 te 20 o of culture, Logarithmic phase doubling
time was 353 to 40 min for the Sterne and V770-NP1-R strains, and
approximatelv 50 ain for the Yollum 18 scrain: The viability of Sterne
and Y770-NP1-R decreasad to about 107 CFU/ml between 20 and 42 h.
Micrcscopic examinaticn of material from‘the VYollum 15 culture reveaied
marked conversion of long chains inro shorter chains and individual
bacilli beginning 24 h postinoculation. This resulted in a temporary
increase in viable count, followed by a decrease to 4 x 107 CFJ/ml at

i2 h.

Glucose utilization and pH chanee during culture. The rate of

glucose utilizatien vas similar in the Cthree 8. anthracis strains (Fig.

2). 3v 16 h more than 957 of the glucose had been depleted from the

medium. Concemitant with the decrease in glucose was a drop in pH ic

the cultures ro between 7.2 and 7.4 (Fig. 3). Measurements of pH were

hampered by the tendencr of the medium to rapidly lose €O, upon exposure

to air, resulting in an increased pH.

Supernatant protein and proteolvtic activitv. Concemtrations of

L]

"‘ supernatant protein ian the three cultures increased slowly up to 24 h
i .
1 (Fig. 4). 1In stationary phase the protein concentrations for V770-NPL-R,

Vollum 1B, and Sterne, were 34, 60, and 75 ug/ml. 1In the late stages of

growth extensive cell lysis correlated with an increase in the
supernatant protein concentrations. Low levels of proteoivtic activity

were demonstrable ir the culture supernatants of all tiree strains 7

(Table 2).
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with peax =dema-nroaducing activier titers of 16

_siagle culture fiask. Zrlenzever flasks (230 nl) were hali-filled with

10

Tlidoration of lethalitv-arducing and ~dema-oroducing activities

-

: ‘e . . = el \ 5
in cuiture. lethalizv-rroducine activity in the culture supernatants of

the three strains (s shown in Fig. 3. Toxin was first decectable at 10 b,

.when sultires wers ia late loz phase.  Sterne, VIT0-YPL-R, and Vollun (B

3,

demonssrazed perk toxia activicies of 70, 75, and 160 1T/al at 16,

220 9né 1) A resmercivelw. Detx latsmalise-rradueing activity coincided
oy Voilum 13 and € Tor
- T

Stuerna ang VIiT0-NP1-2.

Prazeacisn oY 3 aathracis soxin anticans in 1093, casazinoe acids,

e 3 =eais.  Ia the precedins exseviment. in which nuderous parameters

8 3. ataracis in R zedium culture were examined. it was necessarv fo

he contents of the J-iizar cuiture flasks isrediately defare

4
Ve
~
(4]

recoving samdies foar anaivais, I aubsequent studies, however, i was
deternined that more stadble and higher titers-of toxin biosiowical s

activity were ootained when the cultures Jdid not rueceive such interaittent

rixing, dut instead were incubated with gentie azitation and thorouchiyr

mived onlv .2ace, Sirectlw delvre aarvest of fac supernatant at 16 o 20 h

a¢ culrure.

In a final set of experiments, oniv cne sampie was taken Irom any

R,. 1095, or CA medium, inocuiated with B. anthracis Stemne, v770-NP1-R
or Vollua 18, and incubated with gearle agitation. Culture supematant
sanples {roe individual {lasks were harvested after 14, 16, 18, 20, 22 il‘ ig
and 24 h of incubativn and examined {or lethalitr-oroducing activity and
LF and ?A. Maximun serologic and biclegic activity levels attained are
ligted in Table 3. The highest PA and LF serolpgic activity ticers

consistertly correlated with maxinue lethal toxin activiey levels
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produced by the three strains cultured in the three media. In the 1095

medium, all three strains produced little serologically detectable PA,

_no detectable LF, and very littic lethal toxin, In thg TA medium,

Sterne and Vollum 1B produced substantially more LF, PA, and lethal

. toxin than in the 1095 medium, while there was no appreciable change

E _in toxin antigen production by V770-NP1-R. For all three strains the

highest levels of PA, LT, and lethal toxin were produced in the R medium.

DISCUSSION
Previvus efforts by lnvestigators to produce lethal anthrax toxin

in vitro have resulted in culture supernatant preparations containing
fewer than 40 TU/ml (1, 10, 13, 28, 29). By use of improved cultural
conditions and the R medium, we arc now able to produce the toxin at
levels which are 2-fold (Sterne and V770-NP1-R strains) to 5-fold
(Volluﬁ 1B} greater than the highest values previously reported. In
a:lition to its ability to support elaboration of high quantities of
anthrax toxin antigens, an additional advantage of the R wedium is that
its nutritional components are completely defined.
Joﬁnson and Spero reported that B. anthracis V770-NP1-R produced
only protective antigen in.1095 madium (lé), We have demonstrated in these

studies that the V770-NP1-R strain produces verv little PA or LF in either

1095 or CA medium. In the R medium, however, V770-NP1l-R produces almost as

LA

et e sima & o'

much lethal toxin as the Sterne strain. 1Tt is therefore apparent that the

e

specific cultural environment must be taken into consideration before

comparing relative toxin antigen production by strains of B. anthracis.

In the kinetic studies, attzinment of stationary phase in the cultures

of the three strains correlated with depletion of supernatant glucose,

I
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cessation in the rapld decline in supernatant pH, temporary plateau in oy
the ipcreaFg in supernatant protein coﬁpgqtras%ggs, and peak concentratioas

of texin factors in the supernatants, Lethal toxin activity in the three
strains was not detected until late log phase, approximately 5§ x 107 CFU/ml.
Althouah this confirms.previnus findings (12), 1t may well be that toxin
antizens sre elaborated throughout log phase culture but are not detecred
due to the limited sensitivity of the bioLochal assavs emploved (11, 29).
Tu obviate fhis problem, the development of more sensitive serologic and
blologic 3s§av5 is currently beiné undertaken.

Da:rnda;ion.ﬁé crude and partially purified preparations of anthrax
toxin, ﬁreSumablﬁ by proteases, has been reported by several investigators
(7, 8, 11, 29); It was thereiore not surprising that proteolytic
activity was demonstrable in the culture supernatants of all three
strains. We have also noted (unpublished observacions) that when the pH
anthracis cultures falls below 7.0,Véither as a result of too much
glucose or too little buffgring in the medium. lower levels of toxin
antizens are produced, and mofe rapid degradation of the toxin occurs.

Recently Mikesell et al. héye demonstrated that there ié a relationship
between 2a la%ge plasmid in B. anfhracis and these toxip antigens
(P. M{késeli, B. E. [viﬁs, éna‘J;... Risttéph, Fed. Proc., 41:1390,

1982). The recovery of this plasmid wﬁs enhanced‘by usine R medium,
This medium has oroved to be a sxgnificant tool in several other

laboratOties which are critlcallv dependenc upon the fac11e nroduction

of biologically and sero.ogicallv functional toxin antigens. The
capabllltv to produce 1ncteased quantities of anthrax toxin antigens in

the defined medium described in this studv will further aid investigators

in their studv of mechanisms of action of the toxin components and in their

attempts to develop a more efficacious human vaccine.

’
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TABLE 1. Components of 1095, casamino aeids, and R media

mg/liter &

1095 ca® R
| L~Tryptophan 10 52 35
Lilycine 22 15 65
L-Cvstine . 12 25
L=-Tyrosine 144
L-Lysine 230
L-¥aline ‘ 120 1N
"L-Leycine , 256 . 230
L-Isoleucine 128 170
L-Threonine ' 120 120
L-Yethionine 60 _ 73
) L-Aspartic acid 128 184
Na-L-Glutamate 168 612
‘ : L-Proline 30 43 /
| L-Histidine HCI 96 | | 55
L-Argini:;e HC1 21 " 125
L-Phenvlalanine 136 125
.1 L-Serine 42 235
; L-Alanine 9
. i Guanine HCl 9 :
.:é. Adenosine 1.0
1 - Biotin | 0.4
' Pyridoxal HC1 1.0
Thiamine HCl 4.0 0.5 1.¢

i Glucose 1000 2000 3500




_.’4"' L

1

CaCl,*2H,0

gS0,-7 H,0

MQSO4‘R20
KzﬂPOL
KHzPOA
NaHC03
FeSG;

Uracil

Adenine sulfate
Casamiro acids

Activated charcoal powder

15

10

&~

7.4

0.9
872
630

8000

-
.
i~

(2]
(oY

2600

33

7.4

9.9

0.9

3000

5000

Q. . . .
Additional amino acids were not added, except where noted, in excess

of these found in casamine acids.
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B TABLE 2. Prorease activity’ in the 18-h and 30-h R medium culture
sypernatants of 5. anthracis strains Sterne, V770-NP1-R and Vollum 1B
— &
{
CPM/0.1 ml assav sample 3
: Strain 18 & 30 h |
Sterne ' 196 132 '
ViTH-NPI-R 58 203 3
Vollum 1B 50 33

rowsin controls, 0.1 ug/zl = 486 CPM, 0,01 ug/ml = 150 CBY,

9,001 _g/ml = 72 CPM, 0.0001 uz/ml = 24 CPM.
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- TABLE 3, Peak production of PA, LF, and lethal toxin in 1095, CA and R

media bv B. anthracis strains Sterne, V770-NP1-R, and Vollum 1B

— - . - A 3

Reciprocal Ouchterlony titer?

1

1095 - Ca R TU/ml medium’
“Strain PA' LF PA LF BA LY 1095  CcA R
Sterne 1 - 4 1 4 2 5 58 84
V770-NP1-R 1 - 1 - 41 23 25 79
Vollum 13 1 - 8 i 8 2 15 163 202

a . \ L . .
Serologic activity was assaved by double~diffusion Ouchterlony
technique using anciserum possessing both PA and' LF activity,

bLethal toxin activity was measured by the ratr lethaliry asShy}
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i FIGURE LEGENDS

FI1G. 1. Growth kipetics in the R medium for B. anthracis gfrains
sterne (A ), w7701k ¢ D ), and vollwm 13 ( @ ). f
FIG. 1. Suvernatant glucose concentration in R medium of B. anmthracis , ,
strains Stexne ( A ), V770-8§P1-R ( . ). and Voilum 1B ( ' ).
FIC. 3. Chanze in pH in R medium cultures of B. anthracis strains

H
sterne ( A O, vi70-w1-R ( M ), amd vouum 13 ( @ ). ¢
FIG. 3. Supermatant protein concentration in R medium of Sterne ( & ),

v770-x1-2 { B ), and vollum 18 ¢ @ ).

FIG. 5. Suvernmatan:t lethality producing activitv in R medium of Sterne

¢ A rormowir( M), md ol ¢ @ .
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