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INTRODUCTION

In a cancer research vnrogram, tiesue culture can make two
paramount contributions. First, a research into the etiology
and characteristice of the malignant transformation enables
one to 1lsolate and study the neonlastic cell, or even to
change a cell from normal to neonlastlc outside the animal body
(Earle 1947, Gey and Gey 1%47). Second, in the search for
chemicals to be used in the therany of cancer, the naked
mammalian cells can be exmosed directly to the comnounds tested,
thus avoiding the obstructions of gomatic toxicity or detoxiflca-

tion which commlicate in vivo studles.

The first tyme of contribution 1ls essentially decscrintive,
One can list and describe the cualitetlve changes seen, and

follow the seguence of events in the living cells. The second,

the screening of gubstances for mossible chemotheraneutic value,
reculres 2 cusntitstive apnrosch, Before one cen cdefinitely
state that a substance i1s or is not worth further testing, ne
must establich criteria.of damage. He must find a repetitive
pattern by which both normal and malignant cells reveal injury
and then eetablish an objectlive scale by mesne of which the
degrees of damege can be compared. He thus reduces the milllons
of decisions about thousandes of cells in hundreds of cultures
to a Tew numbers which %tell whether one comvound 1is better
then another by the standards established in the test,

A regort to tigssue culture nececsarily rsmoves the resulls
one step from the whole-animal exneriments wiich slive more

definitive answers as to chemotheransutic value, but tiesue



culture 1s to be regarded as a sensitive feeler to indicate the
airection which the final therany may follow. Tissues in
culture may reasonably be exnected to reveal the action of a
cubetance comorising a minute vortion of a comnlex mixture,
or reveal a wealkly active homologue of the commound which may
later exhiblt =2 theraneutic vslue.

The subetznces chogsen Tor this sttemmt to ecstablish Tissue

culture a2 a screening technicue were crude Penlcillium extracts

and fractions as examvles of hetercgeneous mixtures, and the
nitrogen rmustards as examnles of a large family of commounds
known to be extremely active biologileally.

Of the various culture methods the roller-tube technicue
(Gey 1933, 1936) offers two main advantsges in that u» to 20
fregments of tissue can be nlanted, thue vermitting an adeocuate

eamnling of the tissue to be tested, and also because normel

and malignant tissue can be grown side by side, soO that there
can be no cuestion as to differences in the comnogition or
concentration of the medium resching the two tymee of tiseue.
This exact control 1g recgulsite in tests that are necessarily
conducted at threshold concentrations where slicht differences
in dosagre cive conslderable differencee in effect.

The initial work with crude nenicillin in thece studles
vas carried out at the Wistar Institute and financed by & grent
to Dr. Warren H. Lewis from the Internstilonsl Cancer Reseerch
Foundation. To Dr. Lewis the suthor is deenly incdebted, and
also to Dr. Margaret Reed Lewils for her graclous sdvice and

ccaiatance.



Recent work on Penicillium filtratee 2ind meniclllin

fractions, and the nitrogen mustard studies were conducted
as a nart of the chemothersny screening »rogram at the Sloan-

Kettering Institute.

'3

Because of the extreme divercity of the gubstences gtudied,
these two grouns of substances ¢ = nsidered in senarste

sectlons.

PENICILLIUM EXTRACTS

PERTINENT LITERATURE
There would be little nurnose to outlining the nhistory
of menicillin and its many cliniecsal uses, inssmuch as the work
of Dr. M.R. Lewils has shown that the factor affectling sarcomas
in tissue culture is sepszrzte from the bacteriostatic agent.
Several reviews are already availlable: Herrell 1945,
Woksman 1945, Fleming 1946, Merck & Co. Bibliogranhy 1946.

Work antedating Fleming has been surveyed by Brunel 194l

Experimental work with "impurities" from Eenieciilium

culture fluid which hag avnneared subseacuent to the publicatlon
(Cornman 194L a,b) of the initial findinge of the selectlve

effect revorted here will be discuscsed later,

INITTAL EXPERIMENTS

Materials and Hethod

Rats of the King A and of the Wiestar 2lhnino streins, and
mice of the black (Cz7) and the Bace Albino (B.A.) straines were
-/

used. The A strain wse Xindlyv suop»nlied by Dr. Helen Dean King.

. Each of thece inbred straine had onroved %to be 100 nmer cent



cusceptible to the grafts of sarcomas that had been 1induced in
the strain (M.R. Lewle and Lichtenstein 1937). Six rat sarcomes
(King A No. 11, No. 89, No. 104, No. 120, and No. 132, and
Wistar No. 304) and two mouse sarcomas (057 No. 350 and B.A.
No. 37) were used in the cultures. These evindle cell sarcomas
had Eeen induced by subdermzl injection of dibenzanthracene or
benzpyrene (W.H. Lewis 1939). The normal fibroblasts were
derived from fragménts of muscle from rats or mice, 1 or 2
days o0ld, of the tumor-host strain:

Roller-tube cultures (Gey 1933, 1936 and Lewis 1935) with
usually 8 to 10 fregments of a tumor and an equal number of

muscle fragments 1 to 2 mm. in dismeter were growvn in & medium

composed of 2 drops of chicken nlasma, 2 drons of chick embryo

caline solution. The vipettes used measured 18 to 20 drops to

the cublc centimeter. Extensive outgrowth wae obtained 1in 24

to 72 hours, and at this time a record was made of the extent

of growth. The initlal medium was then replaced by a medium

of 7 drops of Locke's solution, 5 of serum, and 2 of nlagme, and,
inbthe exnerimental tubeg, 1 to 3 drops of menicillin solution
were substituted for an ecuel cuantity of locke's solutlon.

The menicillin solution wos nrensred Trom Sculbb or Reichel
sodium s2lt of mnenicillin dissolved in 0.85 ner cent sodium
chloride, =nd filtered througch a sterile Seltz filter. Such
vhermaceutical neniclllin vprevnarations contein aubstences in

2ddition to the wmnenicilllin.



The duration of exnosure was varied, docage usually’
veing contlnued until a2 definite selective effect was
obeerved. After the effect of the drug_had been studied,
the venlcillin medium wes rewnlaced by 2 Locke's solution nlus
gerum nlue nlasme medlum, and the recovery nrocesses were
studled. In those instances where the injured tumor exnlants
showed renewed growth, hall the exnlants were imnlanted into
an animsl of the strain netive to the sarcoma to test whether

the viable cells were malirnsnt or stromsl (host) cells. In

2ll, 38 tubes, treated and untrested, were studied.
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The malignant celle were consietently mo
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the normsl ones (Figg. 1 and 2, 4 2nd 5). With =decuste
dogage 1t wee found nogsible to damage =2nd ill the out-

the mouse

=

growing cellsg of 211 egix r=st tumors and one o

tumors without %X11lling the celle which grew from the fregments

of normal muscle. These malignant cells firet reacted to the
venicillin b& sseuming a cranuler, onague annezrance, with

or without vacuoles; Thies wag the initisl resmonse to a heavy
dose of the drug or the fuli extent of reenonse to z threshold
dose. If the wnenicilllin was removed at this noint, all cellé
recovered. In the higher concentration, along with increasing
cranvlarity and darkening of the cytonlasm, there wes a
retraction of the elongate vrocesses, »nroducing cells irregularly
rounded. Uvon vorolonged exmosure the cells &leintegrated. Even

if venlcillin was removed after the cells had rounded uvo, sone



of the cells never recovered. This secguence of changes 1s
not péculiar to menicillin, but is the usual reegnonse to
many cytotoxing and moderately toxic comnounds. In the hicher
concentratione of venicillin, the normal fibroblaets followed
the same sequence of changes.  However, there was the very
jmnortant difference that a concentration of penicillin esuf-
ficient to cause the rounding uv of some of the fibroblests,
in most instences caused the death of all the malirnent cells.
A dose too wezk to nroduce any visible cytolorical chenges
was nevertheless selective in that it inhibited growth of
the malignant explants, while erowth of the normnel exnlants
was unaffected. In the untrezted control tubes the outgrowth
of the garcoma ecualled and usually exceeded the outgrowth
of the normal cells.

To obtain a guantitative statement of the results,

damage to the cells cen be clegeified as incinient (cranulerity

of 50 ver cent or more of the cellg, and increaced irregularity

and refractility of the cell boundery), marked damage (rounding,
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Fibroblasts Showing Different Gr=

Combined Totals of 21l Exnerimente.

In-
None civient Marked Lethal Total
Colonies of 112 92 59 0 261

Normal Tisgue

Sarcona 0 29 208 104 341
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coagulation, or disintegration of the cells, short of 100 ver
cent), or lsthal (no living cells visible). Table I shows the
totals of exnlants classified according to their damage. A
further subdivision of the commarisons better reveals the
extent of the selective effect. In those tﬁ%eé in which the
112 normeal colonles were not at 211 arffected. there were 29

of sarcoma which showed an incinient effect, 1l4 which showed
marked damage (Figs. 2 and 5), and 23 which were dead. In
tubes showing inecionient effects uron 92 normsl colonies, 70

tumor growths showed marked damage and 46 were comnletely

killed. In tubes in wvhich the 57 normzl coloniesg showed

o)

marked démage, 2Ly colonies of tumor were markedly demaced,
end 35 were killed. The over-all effect was clear cut. ot
only was the malirnsnt tissue dsmaged more than the normal
throuchout the series, but in numerous instancegs the melirnant
cells were killed when there wag no vieible effect unon the
normal,

These figures include results obtained with tube cultures
of rat tumors and of mouse 057 o. 350. Rat tumor 120 wae less

affected than the others, but the celective effect of menicillin

unon the malisnant cells of this tumor was uncuestionaile.

The behavior of the mouse tumor B.A. No., 37, on the contrary,
nroved to be so like thet of normal mouse tissue in 1ts
reaction to menicillin that the presence of a selective effect
was doubtful. In 3 tubes there were 10 muscle colonles
showing incinlent effect, 16 showlng marlked damage, and L

. R L] «Q
dead, as againet the cultures of Ho. 37 which showed 10&



11.

markedly damaged coloniles and 7 dead. A dose heavy enough
to kill the malignant celles had 2lgo killed some of the
normal, and the glight avnarent advantege of the normal is of
ouegtionable sirnificance.

The time at which dameage anneared varied with the dif-
ferent cultures and doses, but tyvlecally, by use of & doge
at the selective lethal level, an incivient damege of tumor
cells could be detected a2t 12 hours. There was marked demage
at 24 nours, and comnlete killing of the growfh zone 2t 48

hours. By 48 hours, however, there was cometimes a new cgrowth

of tumor cells, already v»ushlng out from the exnlents. If
this reviving growth was then given fresh medium free from
nenicillin, the tumor cells grew vigorouvsly. If the fresh
medium contained venicillin, however, this new growth in turn

wae killed off. Four to eix days (i.e. two to three changes

of menicillin mediun) were usuzlly sufficient to elininate
211 tumor cellg from ex»Hlente 2 mm. in dismeter. Then when

the medium free from venicilllin was 2dded no tunor celle grew
out, or i1f the s=rcoma ex»lante were imnlanted into rats, no

tumors formed. With exnlants of 1 mm. dismeter, however, 2

days suffliced to kill the malirnant cells, aa determined
microsconically =nd by imnlisntatlon.
The stroma included in the exnlants of the verious tumors

resnonded much the seme s did the fibroblaste srovwing from

(D

the muscle fragments, but was merhsne sliphtly more suscen ntibl

than the normel and grew more slowly than either nuscle
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fibroblasts or melicnant cells. In sone tube cultures 1t wae

noseible, without killine the normsl celle, to ki1ll all cells
1n the tumor evnlsnts (Ret tumore 104, 132, 304, =nd mouse
tunor 657350), but therebmay not have been 2ny strona
included in thece exnlants. More frecuently, smnarently
dead exnlante (initilel migretion zone diecintesrating and no
new cells migrating Trom-the exnlants during treatment)
recovered enough in a medilum free from menicillin to send
forth at least 2 few stromal cells. These long, fusiform
cells resembled fibroblasts rather then the etout, multivoler
malignant cells. |

As & final safeguard ageinst wrongly classifying visble
malicnant exnlants as killed, those pleces which chowed no
ocrowth aﬁd thosge which showed a growth of stroms. or of some
doubtfully melignant cells (Figs. 2 and 5) were imnlented in

yvoung rodents of the corresnonding inbred strain. The failure

of theee celle to grow into tumors chowed thet the estimation
of lethal effect had been congervative in that come melignent
exnlants praded 2g merely damaped falled to »roduce Ttumors.
Colonles in 4 tubes graded as 100 ner cent lethal, falled to
nroduce tumors when imvlanted into animals; and out of 21
tubes oraded as vnrobably contalning surviving tumor cells, only
& contained tissue capable of oroducing tumors. To verify the
suscentlbillity of the control animels, they were @iven imolents
ef untreated 2s well as the nenicillin-tre=ated tumor tlssues.
In 2 cultures the dosage in Oxford unite was deternined

by becterioclogical asszy of the meniclllin golution (Cornman
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194L b)), Rat tumor 304 was killed 2t o level of 5% units
per cc. of Reichel lot 1C533., The muscle fibroblesets in

these cultures showed merked danmsge, The mzlirnant celle of

rat tumor 132 were markedly demeced (without any d=nmsce to
the normel fibroblasta) by 75 unite mer cc. of Souibb control

87225 and by 73 unite vmer cc. of Souibb control 21478,

Conclusions

The evidence ghowed falrly conclueively thet the arent
nroducing the gselective damsce weg in the mneniclllin

revarations. The effect increcced withh the incresse 1in

[

o
Q
;X‘

dorage, while 1in control tubes, 1dentical excent for the la
of menicillin, the meli~nant cells grew ot leaet 2e¢ well as
the fibroblasts.

Considerstion must be civen to the noselbility that the

medium fsvors the growth of the cells derived from the muecle,

s

and that vmenicillin =cts by merely lowerins the life-cunporting

notrers of the medium, whereunon the earcome succumbs first.

l.J

The susteined suneriority of srowth of the malirnsnt cells

over %the normal, however, indicetes that the medilum e

-
8

entirely sdecuate. Omitting »nlesma or =2dding embryo extrect

during the menicillin treatment did not eliminate the
selective lethel effect. Teets with different medla may nDrove
fruitful, however, in reveallnc whether weniclllin scts unon
sn intrinsic veculierity of malicrnant celle or merely unon &

euscentibility created in vitro.
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CURRENT RESEARCH: SCREENING
In order better'to characterize the gelective agent in

crude menicillin, numerous Penieillium filtrstes and fresctions

of crude wmenicillin were subjected to a screening nrocedure.
At this voint one must inetitute a cystem of objective

evaluation whereby meny preparations can be tested and

commared to renlace the slower ex»lorstory method of

rebéatedly dosing a few cultures to obtain eelective killing.

The roller—tube method ze modified by the Geys was used
throughout.A The tiscsues were held in m»leoce Dy & chicken
nleegma clot. The aetanderd sunernsztant nutrient medliun was
composed of 2 vmarts of balsnced selt solution, 2 of humen

nlacental serum, and one of embryo extract, (half embryo,

helf bolenced seline). The gerum commonent wae csometlimes

modiflied to decrease the amount of lysis (Goléheber, Cornman,
end Ormgbee 1947).

Two or three rows of 8 to 10 fr=gments were nlanted in
each tube. Usually one row comnrised Tetel gkin and the
others were fragments of one or two tumore. hen two tumors
were crown in the same tube, they were teken from different
strains of mice to avoid contamination uron bDlozgeey.

After 2L hours growth in normsl medium, esch fregsment

as to vigor and cvtoloricel condition., Freeh

¢
[o]]

was gred

-

mediun was edded, containine known ¢ilutions of Penilciliium

filtrate or weighed lyovhilized Filtrste. Exosure to the
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penicillin wae usuzally continued for 2L hourse. At the end

of this time, damage to the tlssue was evalusted and then

the fragments were elther returned to normel medium for study
of the extent of damazge and subesecuent cytological behavior,
or they were inoculsted into mice %o bloassey the residual
melignancy.

The evaluation of effects was made a2s objJectlve asg
vogeible. To do thie, growth, lysis of medlum, and certain
cytolosicel changes were chosen as criteria of effects
(Fig. 7). They were divided into 4 successlive levele of
intensity. Cranularity =nd rounding were graded according to
degree, as shown in Fig. 7, and aleo as to frecuency. Here
again values of 1 to 4 were assicned when 1-25%, 26-50%,
51-75%, and 76-100% of the celle showed increased granularity
or rounding. When these nercentaceg of celles had died and

broken down, they were scored as grades of disintegration.

With such & scoring 1t 1s moseible to estimete Just how
much alteration has occurred durinz the 24 hours exvosure.
Furthermore, since untreated cultures were run eimultaneouely, .
one can correct for the changes which occurred 1in the seme
tigcues exnosed merely to the normsl nutritive medium. Thue,
1f we indicate ermosed tumor as TE and untre?ﬁed tumor =s Tc
with narallel notations for fetal skin NE and NC, with tlmes
at 24 and 48 houre, we can formulate the index of damage to
exin as (VE48 _ Ng2hy _ (Ngh8 _ Ng2b)  Thet i, the.change
in disintegration, granularity, rounding, and inhibition of

lyele in the untreated ekin during the second 24 hours 1is



subtracted from the change in the trested skin during the

geme 2L hours. The difference renrecente the offect of the

of damege

nenicillin during the 2b-hour evvosure., The ind

[ )

-

e

to the tumor is similerly obteined ss (TE4E _ Tm2h) _
(TC”8 - T024). In screening commounds which may have some
theraneutic value, we are interested in obtaining greater
damage to the tumor tissve. Thls 1g¢ gauged by the selectlve
index and 1g obtained by subtrscting the skin index of

damsge from the tumor index of damage. Where skin 1le damaged
more.than the malignent tissue, the selective 1index 1lg of
course negative. Following the 48 hour scoring, each row of
malignant tlssue was inoculated into a2 mouse to test the

viabllity of the tumor tiessue. The normal tigesues were

cultured another week and gilven a final score.

Materizsle

Fetzel mouse gkin wee uged =g a source of normsl

enithelial and mesenchymsl cells. he tumore were ssrcomna
LOLEATT 2nd carcinoms MAZ27 . both from mice. Mot 211
prenarstions were tested on both tumors.

For initi=l tests the filtrste was adilluted to & and %
with culture medium. Usuelly fetal skin wag tested alone in
the preliminary determinstion of toxicity (cf. Chart 1).
Yicher dllutions were tested when the filtrate proved active,

or when 1t weg too toxic. Dr. Chegster Stock sunnlied

filtered fluid from Penicillium (tentative identification)

cultured under a variety of conditions (No. 38). One set of

fractions was oprevered by Dr. J.F. Mahoney of the
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Vv.D. Laboratory, Marine Hosvital, U.S. Public Health Service.

Thege.included crude flltrete from Penicillium notatum and

various comnonents obtained by precinitation and adsorwotion,

Fractione 261, from P. chrysogenum (2) were sumnlied by

Merckx & Co. The methods of extraction have not been revesled,

Regults

Anelyeis of a large nunber of experiments cshowed that
i1f all gcelective indlces were orouvned re~ardless of the
chemical used, most were included within that nart of the
curve ten voints on either cide of the zero. The distribution
1s gkewed %tn the right, giving o few selective l1ndices beyond
forty. Accordingly, a selective inlex of ten was Judged
insignificant. In the range eleven to'twenty we believe the
selective effect 1s doubitful but worth further teeting.
Indices from twenty-one to forty we consider ag 1ndicating

that the subsetence 1s significantly eselective.

The mejority of the Penicillium derlvatives tected

negative (S.I. 10 or less). All four from the U.5. Publle
Health Service were inactive, as were two prevsrstlons of 229.
The latter is of speclal interest -- and disanmolntment —-

becsuse the strain of Penicillium 1s that which HMeyer (19L3)

used for damsging tumor tisesue in ylitro.

Seven frections of Penicillium 261 were 2lso negative,

but one fraction disnlayed doubtful sctivity: a selectlive

index of 1b at a 5% concentration.
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Penicillium grown at Sloan-Ketteriny ylelded come

nositive_fiitrates, devending on the conditlones of culture.
Mumber 38 ylelded six that were negative, two that were doubtful,
and two that were nositive.

The fractions giving high selective indices did not kill
the nalignant tissue completely. When reimnlanted in mice, the
treated exvnlants formed tumdrs.

The data for filltrste 384 are given in detsil in Cherts
1 and 2. First the aonroximate toxic level wsze determined by
exnosing skin to media containing 25% and 507 of the filtrate.
The damage score Jumped from 10 at the beginning of the
exposure (24 hours) to 17 and 21 at the end (48 hours).

A lower coﬁcentration was then chosen to test for selective
scetivity in tubes contailning both fetel skin.and tumor LOLGATIT.
Tube 3 had 6 fragments of skin and 6 of fumor LOLGATIT; tube

L nad 4 of skin and 5 of tumor.

After 24 hours, both the tumor and the ekiln exnlants
H

scored 2 to 10. Growth 1s recorded, but not included in the
damege: score. At the end of U8 hours, after 24 hours exmosure

to 5% of the filtrate, the score for the skin was still low, but
the tumor score hed risen to 14 to 18 mer exvlant. Toteling

the 2L-hour score for tube 3 we get 60, =nd 65 for 4& hours.

Its total deamage is then 4. The tumor, however, went from 57
to'99, a damace of 42, The control tube, containing no
nenicillin, é1id not chenge during the second 24 houre, therefore
the 1ndividusl firures have not been listed in a chert. Thus

the change induced in the skin by nenicillin in tube 3 1s



SCREENING CHART NO., 1

Preliminary determination of toxicity, using fetal mouss
skin, and Penicillium 384 diluted 1:2 and 1:4,
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SCREENTHNG

CHART NO,

2

Remarks:

20,

Demace scores for fetzl gkin and tumor LOLS exnosed
to Penicillium 3u(1 filtrate diluted 1:20.
Dept. 107 Tissue Culture Laboratory
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craded at 6 - 0, or 6, while the vnenicillin-induced damege to

the tumor is 42 - 0, or 42. The seleétive Gamage to the
tumor isvthen 36. The totale in tube 4 are calculated on a
bagls of & exnlants, from the averages of the &4 and 5 exnlents
present. Here the skin cetayed at 60, while the tumor went
from 60 to 91. MNo adjustment need be made for the control
tube, since 1ts change was zero, so the selective index for
tube 4 1s 31, a2nd the sverage for the two tubes 1s 34,

Not 21l the tumor celle were killed, desniée the high
selective index, as shown by the nositive bloassays. The cells
from the skin continued healthy for 2 week in tube 3, but went

-

downhill in tube 4 (6-day resding).

Conclusiong

This screening method, although different from the
earlier exnerimente wherein exmosure wes continued until the

malipgnant cells vere killed, aleso reveals & factor in some

Penicillium vrevnarations which celectively damares tumor tissue.
The two tests ere suvvlementary in thet the first ehowe that

n =z complex mixture such ae crude »nenicillin, a substance can

malirnent cells in tis

m

u

0]

culture, lesving the nonmslirnent

Q

ells more or less healthy. The second technlcue enables one
to screen seversl ecubstances simultenesously 2nd oculckly
eveluate thelr notenti=1ity for damaging tunor cells, even
~thouph the 24-hour exnosure does not k11l. lMore inteneive
tests are now in order, to determine whether the factors

detected by the second techniaue can be made to killl melirnant

21.




cells without damaging neighboring normal cells.

SURVEY OF EFFECTS OF PENICILLIN IMPURITIES

Interest in additional vhysliologlcally ective agents

nroduced by Penlcillium hag grown in seversl fielde of

research.

Damage to Tumor Cells

Meyer (1945), using an in vitro technicue which 1s not
gelective, 1.e. not controlled by simultaneous exnosure of
normal tissue, was able to render mammary adenocarclnoma
insctive on transovlantation back into the host strain. Pileces

3-5 mm. in dlameter were exvosed to crude Penicillium filtr=zte

-

or to Tyrode solution. Only those in Tyrode were viable:. The
imourity resnonsible was stable at 100° C, was adsorbed in
carbon, but was not soluble in ether or chloroform.

T Revorts have come to the author of many futile attemnis

in different lsboratories to induce regression of tumors in a

number of experimental animals. It is herd to evaluate such

results ilnasmuch as the composition of the venicillins was not
known, and they were not assayed in tissue culture.

Howevér, Beard (1944) obtained regression of EMGE
sarcoma in rats. Tumors disapvnezred compnletely in some rate
where subcutaneous injections of 333 Oxford U./cc. began the
day the tumor was inoculated. Injection of 333 or 666 units
into rats bearing large tumors induced a decresese in sine
but dld not destroy the tumor.

In nine of twelve mouse‘mammary adenocarcinomes and

one of two sarcomag, there wee a decressed rate of growth



during vneniclllin ftreetment. DobrovolskaYo-Zavzdskalsa

(1948 a,b) believes that the accelersted crowth of the other
three regulted from nathological diletztion of the blood
veaccels, ag there was little mifotic activity. A distinct

zone of cellular demage was found in the trested tumors, and

de thilie zone recuned

n
jte

this necroced, butl unaffected cellg oute

-

crowth when the treatment was gstonned

We mirht note in paseing thet filtrates from Agnermillug

oL} end Snorosarcine (Cohen, Borsook and Dubnoff

pet
)

(Kiad

1947) are demaging to tumor celle in vitro.

Drs. Mahoney and Arnold at the U.S. Mzarine Hosnital
obeerved regresgsion of a masgtric carcinoma Tollowlng two
intengive courses of meniclllin treatment totallng 13,500,000
units. Canceroug legions remaining after sur~icael recection

of vart of the affected stomech disevnezared, and there was no

,Q_l

ocrade sguamous-cell czrcinoma in another matient vags eafurate
with neniclllin by electroshoregis (Following & light course
of intramuscular neniclllin). The cancer healed in two months
and showed no relanse three veare later (nersonal

communication).

Tnlibition of Mitoele in Hormal Cells

Bucher (1947 b), in agreement with IM.R. Levie (1oLi)
found thet »ure menicillin wage nontoxlc in tisecue culture
Rabblt fibroblests exnoeced ten hours to mure menicillin G

showed mitotic activity equal ta tle controls. Commercisl



penicillilins, on the contrary, inhlbited growth of cultures in
the rznge of 100 - 200 OxTord units (Bucher 1245 a,b, 1947 a).
The mitotic coefficient firet decreased, then increaccsed as
metavhase weas nrolonged. Chromosome orientztlon on the enindle
wae retarded, and sometimes the chromosomes became mychnotlc,

or were scattered throusrh the cell. These manifestations

incressed when older scolutlons were tested, uneculvocally

demonstrating that impurities were regnongible, Penicillin

aguilckly decommoses in solution.

Mitogis in cultured hen mecronheges was delayed and
diminished by eddition of 1/500 nenicillin (noteney not given)
to this medium (Jacoby 1S41).

Crude filtrate induced a brief leukoneniz, then
leucocytosis in rebbilts (Regoisnini and Brillenti 10L7)
Clesvege of Arbacis egcg was delayed and finelly stovned by
commercizl nenicillin at 333 me/L (Henry and Henry 1945).

lowes hag remorted that an impurity is resnoneible for the
clesvege-innibiting actlon of nenicilline he hae tested (of.
Burk et sl. 1947).

ected

ct

Arbaclse egme exvosed to the game meniclllines ze
by Burk (cf. below) reveszled the-sane order of motency for
mitotic inhibition as he found for mestsbolic supdmrescsion.
The moet asctive was his "Penichromin®", nercentibly delaying
cleavage 2t 5 mg/L. HMost nenicillins fell within the rance
renorted by Henry and Henry, reterdinc cleavage =t 200 ne /L.

Penicillium 2861E 2nd X were the most effective. Liculd

f1ltrates 34K delayed cleavege when dlluted 1:10, and 22211 at

1:100 (Cornman, unvpubliched).



Metabolic =znd Enzvmetic Effects

A potent inhititor of reeniration and clycolyels wes

o

found in crude venicillin by 3urk et al1. (1°47 2,b), and

DuBuy et 21. (1947). Destruction of the included wmenicillin
by nenicillinase only wnartly removed the metsbolic sumrescor.

-

There waeg no difference in effects on =adenoce
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and normsl tissuee from adults or embryos.

Inhibition of the action of urease by crude renicillin
1a renorted by Scudi and Jelinex (1%LL), Vareas and Eecubds
{1945) and Kun (1S48). Smoleng, McAleer and licLaren (10L7)
renort detoxificstion of bacterizl toxine by crude nenic

i
The effects on the frog's nervous eveten mey Te relsted to

o

thece Findinges (Teormina 1246, XKollroe 1CL7),

Effects on Plante and lilerodr—snicms

_Mitogis in whest seedling roots was sunmmrecced DY

filtrates from Penieillium cultures (Gerola 1%48). Keening

tn mind the feoet thet roote are in cenersl innivited by
concentrations of auxin which etimulste ctems,

t
some bearine on de Rovp's discovery of = etinmulatory effect on

not by nure menicillin. He suvcmeste 1t may be due to indole
acetic acld.
Weleh, Rendall and Price (1¢L7) heve inverstiorted an

enhoncement factor »recent in neniclllin wihichi rendcers it

\r'_lv

more sctlve agsinst bacteria. A comprrsble factor was renor rte
also by Hirsch (194L). Pertielly nurified nenicillin ie aleo

™ - - ol = ™ In
more active agsinet Treponema (Dunhem end Rake 124




Fieschback, Eble and Levine (l?&?) treced the enhancenment fecebtor

to o-hydroxynhenr¥lscetic acld.

DISCUSSICH
While the cesrch for the selective lethsl acent --
or agente --— demonstrated to be nresent in crude menicillin

is »rogresging, it by no means followeg 2 direct or simnle

-

courge. Even vhen 2 estrain of Penicillium i1g known to wroduce
i

s

tive tegt. Penicilllium

a factor, not every filtrete glves & nos

=
n

38 wnroduced active substaznces only under certzin conditio
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Penicillin »roduction 1s 2lco ciosely 1+
culture. One can re=sacsonzbly hone that =2fter further
exnerimentztion, moulds cen be induced to yield more of the
anticencer agent, Juet z2g menlcillin »Hroduction cen be
incre=zsed uncder controlied concéitions.

In view of the myrisd substencees »roduced by monlis,
and the many effects alresa
we can not =2t »resent be Jjustified in secuming thet tie

e

gelective enticancer arent found in different Penicill

»raverations 1ls one commound,

There 1a 2lready cood evidence, reviewed in the

nreceding section, that indole =2cetic =nd hydroxy-henylacetic
scide sre in nert reswonsible for the eudnrecsive effects of
crude menicilllin on vroliferation in lower orgsnisms.

Sea urchin epgge are beins uced in an attemst to obtailn
correlstion of the metebollic effects on one nend, with the anti-

cancerous effects on the other, using normal cell division

o
mn

the middle ground. Correlation between metabollic and clesveme
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efTecte hos Deen sood., Correlstion with the ticscue cu

I's

studies has not been im»nressive, but only = few filtrstes

have been tected on both egres 2and cultures.

NITROGEN MUSTARDS

HISTORY

Inhibition of Cell Division by Mueterd Gas::

BisfP-chloroethyl) sulfide

Scattered observations on the effects of sulfur
muetard presaged 1lte striking effect on cell oroliferation
which were dicscovered lafter to be tynical of 211 mustards.
Granulocytonenia wes found to »recede dezath following lethel
exposure Of human teilngs or exmerimentel animale to mustard
gas, p;gﬁﬁ—chloroethyl) sulfide (Krumbhaar 1919, Warthin and
Weller 1919, Flury end Wieland 1921, Richters 1232, Muntsch
1934, Maier 1938, and Drews 1939). Significently, the effect
1s exerted whether 1t entere via the skin or the lungs.

These perivheral blood changee were treced to

%
inhibition of nroliferation in the marrow by Krumbhezar and

Krumbhear (1919) in the humen organism, =nd by Panmehheimer
and Vance {1920) in rabbits. These studles heve been extended
by Kindreda (1946, 1947) who traced the hynonlastic trend in
rat marrow. Graef and hls coworkers (1946, 1943) have
described marrow denletion in mammals and birds.
Lymphocytonenia is also revesled by the more commlete

studles of perivheral blood changes. Its origin in

inhibition of mitosie in the rat thymue and lymph nodes hes
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heen demonstrated by Xindred (1947). Graef and his coworl-ers
(1948, 1948) emmhasize the abruptness of the effect since
there 1g lymphocytlec fragmentation and loss of weight in the
thymug, lymoh nodes and swnleen as e2rly es ten hours after
heavy dosage.

The nrominent alteratlioneg found in the hematonoletlice

syetem do not reflect a selective resmnonse other than on the

rete of nHroliferation. Proliferation was a2lso halted in the
cornea {(Friedenwsld, Buschke znd Scholz 1948) and the intestinal
epitielium (Friedenwald and Scholz, Ref. Z4 in Gilman and
Philims). Mitogleg in regeneratine rat liver Grommed charnly
after sulfur-muetard administration in doeres vwhich 418 not
decresse the phosvhorus untake by liver cellg (Msrehek 12046
Proliferation in the besal lavers of mouce siin wes indelinitely
supprecsed by renested emplicstion of sulfur musterd (Fell and
Allsonn 1948 b). Chick embryo fibroblasts in cuiture ceased

dividine vhen the concentration resched 500 me/L (Fell =2nd

Allgopn 1948 a).

L]

Lillie, Clowee and Chambers (1919 a,b) conducted the

firat exrerimente on inhibition of diviesion in echlnoderm

D

nt

{

ecrs (Arbsciae end Asteriag). They emphesized the long lat

veriod between the short exvosure and the eventusl disrunilon

Mitosie 1s aleo inhibited in »nlants as revealed by
the gtudles of Koller on mitotic and chh nmoaomal 2bnormalitiee

in Tradeccentla vollen crains (Ref. 57, Gilman and Philins/,

and by the obsgervetioneg of Kinseyr and CGrant (1olk7 o) on yeest



cells,

Desnite these susrective lezds, =nd s»eculation on
cselectlve damage Lo the nucleus commerable to x-ray effects
(Flury and Yieland 1921), there a»nesrs to have heen no
early =ttemnt to destroy malicsnant growth vith the eulfur
mustzrés. Recently Bass and Freeman (1946) induced rerregsion
of mouse 1ymnhoma =nd lymmhoild leulzemisa with gigckchhloroethyl)

sulfide. However, =2 nyelogenous leultemis, memmary carcinome,

D

snindle cell cercinoma and a mzlisnant melanoms did not resvnond,

]

Inhibition of Cell Division by Mitrogen Mustards

Vith the advent of studles on nitrogen mustards, the
leukonenic effect of mustards wags rediscovered. HMost resultis
of exvmeriments in which i1t wes found that nitrogen mustsesrde
dlgnlayed the seme demeging effect unon myelogenoug and
lymdhatic nroliferation as does mustard ges are not ve
avallable in the omen literature (cf. Gilman a2nd Philins 19LG).

The results of Graef, Karnofeky and Smith with ethyl

bis-, methyl bis-, pronyl bis- and tris7éLchloroethyl amine,
)

D

i

were renorted briefly in 1946. In their leter vaner (1948

the effectg of HMN2 on the blood and merrow in rats, nice,

1. There waa e

0

rabbits and hens are described in detel rly

It

I_.

leukocytoais with the lvmnhocybte count dromning firest, then the

cranulocyte. Hematonoietlc cells in the eternsl and femoral

)

marrow of rates and rabbits began to degenerate within eight
houre after injection of lethal doses. Cells and nuclel

became enlarged, and some were comnletely destroyved. lMitoses

29.




had cezased after eilght hours. Thereafter, denletion of the
marrow nrogressed raenidly to almost comnlete anlseia in Torty
to ninety hours. All cell tynes decressed simultsneoucsly
excent the nersistent megalkaryocytes with bizarre nycnotic
nucleil.

Denletion by simultaneous cell destruction snd mitotic
inhibition wes 2lco the tynical »icture in lymrhold tissue.
The lymvhocytes fragmented, usueslly by karyorrhexls, =and the
rerminative centers in the nodes, svleen, and thymus were
logt. Lymohold tissue lost zbout a fourth of its orizinal
welght on each of three successive days after injection of HN2.
Degenerative and inflammatory chesnges in the intestine apneared.
gso early that no emecific effects on nroliferation were

1gcernible. HMelogis in the testes did not amvear fto be

o
mn

affected.

These resulte are almost commletely in agreement with
the blood studies of Kindred (1947), who found lymnhonenia
and granulocytonenia with HN¥2, but only lymmhonenia in HNl-
and HN3- noisoned rats. Significently, thymus lymphocytes
in vitro showed changes 1like those in situ. HNZ =t 1 me /L
nroduced nuclear demseoe in two hours. The nucleus Dbecame
onacue, then the chrometin broke into smell vesicles whiich
later flowed tocether, and Tinally the nuclear membrene seemed
to diesgolve, -

Schrek (1947) hee 2lso revnorted on ;gligggg chenree in

myeloid end lymnhatic cells treated with nitroren muesterd,

30.
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Cells in gitu which vermit more nesrly direct
ennlicatlion of the mustard ere those of the cornes.
Friedenwai@, Buschke and Scholw (1942) chowed thet inhibition
of epitheli=zl mitosie berz2n 2t 7D minutes. Mitoecea resched o
minimum at 1% hours, then incresced, overshootins the control
counts at 40O to 30 hours, when 3.7 mr/L of HN2 wee drommed into
the eye of & rat. The cells e mtinued to increscse in size
throughout the exmerimentzal nerilod.

Thie growth of cells denrived of nrolifersative nower

wae dramatically demonstrated by Gillette and Bodenctein (12L445)

and Bodenestein (1947 2,b) in embryoe of Ambystoms maculatum.

Ezﬁosure to 10 mg/L of HN2 for 45 minutes stomned &1l mitosie,
but vermitted the celle of the eye, nervous system, intestine,
end skin to differentieste and grow to meny timee the normal
glze.
~ Exvocure of cea-urchin egere to HN2 before or =2fter

fertilirzation slowed or blocked cleavese (Cennan =nd coworkers

cuoted Ly Gilman and Phiiline, Ref. 52, 2nd by Barron et al.

1248). Barron's oroun renorted thet exvosure of the snerm to
10-3 M HN2 before fertilirstion 2lso sloved cleavare, andéd 10—

losage resulted in deleyed bhleestulation and abnormal =—lutel.

’

Division of Chilomonses, 2 unicellular mnlant, wase

i

inhibited by 1.9 x 105 M HN3 (Hutchens and Podoleky 1948).
Yeast multinlication was inhibited by 5 x 10-8 molar HN2

(Kinsey and Grant 1947 Db).
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M troren Muctards in Chemothereny of Concer

N

That the leukonenic action of nitroren mustard wes so
oulckly seized unon, in contrast to the way in which thie
theraneutic lezd weg irnored vhen it wee firaet dlecovered with
gulfur mustards, cen almost ceftainly be a2ecribed to the current
ontimlism in the chemothereneutic ettack on cencer. The nionser
work by Gilman, Goodman, Lindskor, and Dourherty in 1942

(G11men 2nd Philina, Ref. 45) wae followed by intencive clinicsl

atudiees in neny labhoratories. The reenonse of the normel Llood
nicture to the nuetards wag like that in exvmerimental s~ninels,

Tynically, following injection of the methyl-bis-

faa—r)

(Jecobeson et 2l. 1946, Sourr et gl. 1947) and tri§7§¥chloroothyl

olif) eranulocytonenis followed lymmhocybtonenie.
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In the marrow, the myeloid serieg wvere damered firet, =nd there
followed a devression of the erythroid serles. The immresslon
vag gained of a enecial eensitivity of »remyelocytic steges,
the nyelocyte maturines but not dividing under the influence
of the musterd (S»urr 1947).

| The leukonenlc action of methyl-big and tris wes found
fo onerate in reducing the cell count and clinical symntonms
of chronic lymnhatic, and to a lesser extent, of myelorenous
leukemias (Jzcobson et al. 19446, Goodmen et al. 1946, Rhoade
1946, Sourr et a2l. 1947, Kernofeky et a2l. 1947). Wilkinson ‘
and Fletcher (19L7) were more successful in treztinc the
chronic myelocenous tyne, howvever,.

Remiseions were slso renorted by the sbove suthore 1in

cesesg of Hodrlzins diseasge and lymvhosarcona, #nd in cases of

~efel (1047) and Hofmeyr (1087).



A newer mustard, l,B—bis—(?18-(A5—chloroethyl}—aminé}-

sronene has been teeted at the Memorial Hosnital (Erelev gt al.
1947). Unlike the simnler mustards, thle tetrakils structure
conslstently reduced the cell count in acute, as well as 1n
chronic myelogenous leukemizs, but not in chronic lymvhatic
leukemia.

The effect on tumore not derived from the hemetic
tissuees hes not been consietent as with leukemias (Hawkins and
Farber 1947; Boyland, Koller and Warwick 1947).

Therany of leukemlas and tumors in mice has yielded
quantitative data which cen best be considered later in the
discussion.

Although melignant nroliferstion 1s thus extensively
gtonped, there avvezrs to be no selective action of the
nitrosen mustsrds unon csncer cells (Rhoade 1946). Rether,
cellg are affected in nrovortion to their rste of »nroliferstion

(Gilman and Pnilips 1946).

Altersation of Mitosls by Mucsterds

There snnears to be enourh gimilsrity 1in the cytolosical
effecte of sulfur rmustard and nitrogen muetsrds to justify thelr

conslderetion torether,

[

Retardation of mitosls le inferred by Friedenweld,

Buschke and Scholz from the nresence of 134-1107% mitoses in

corneal epithelium exvosed to 0.5 - 0.02 =m~/L HIZ, as comnared

with counts in the control eves. Another indirect measure of
1

retardation of division is aveilelkle from tlie vork £ Kinsey

\Y)
)
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and Grant (1947 a;b). The average rate of mroliferstion of

yeest cells wes decreased for several ~eneretlons after few

M

hours exnosure to /1000 ahd /500 sulfur nuetsrd. Hovever,
the visitle heterorenelty of the vovulation after treatment
lezves oven the mosasibility that some cells were nrcolifersting
normelly while others were not buddins, 2t £171,

Direct obeervation of glowing of mitosls in one

nonulation of cells ig —mogeible with msrine ecre. Timine of

fifty ner cent cleavere of Arbzcia eg revealed that

retardation is a typlcel effect of many nlltrogen musterds.
Contilnuous exmosure Lo HN2 at 0.5 mMolar, HN3 2t 0.04 mMoler

and blg- Cbis—;és—chloroethyl) m é]-4 thane at 0.3 mMolar

increaced the time between firet and cecond cleavsges 200 -
L00%. Internhese and formation of the mitotic fiecure were
both nrolonged (Cornman, unnublished).

Earlier gtudies with marine eggs, uslng short exvosures
of the Tertilized or unfertilized egg (cf., Gilmen and Philiwns
1946 and Philipe and Gilmen 1947) revealed a enecific inter-
nhege block which was not readily avosrent in the above
exneriments, wherein the eggs were continuously exmnosed.

Morvhological chanres seen 1n mouse evnldermls repeetadly

exvoged to sulfur mucetard included clummed and leg

'"?
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chromoesomes, molynloldy, multinnlar snindlee and multinucle

0;

(Fell and Allgcomn 1S48 ). In »st corneel enithelium, there
wee mycnotic fracmentztion of the nucleus in wmronorticn to the

mitotic activity. Friedenwald ané Buechke (1048) susmeest thet

- a mremitotic stete is eelectively offected by the muetard, while

leter stepes continue to comnletion,



Meier and Schiar (1947), on the other hand, exnosing
chick fibroblastse to 0.01 me/L HN2 in tissue culture, found
thet the »nrovhases were normal, but thereafter the chromosomes
were scattered without orilentation on the »nercistent snindle.
Fell a2nd Allsopn (1948 a) exvmosed chick fibroblssts to sulfur
musterd, and found abnormal mitoses most consnicuous at 50 and
100 mg/L. Theée included spindles that were multivolar or
eccentricslly situated, chromosomes that lagged or fragnented,

2nd multinucleation.

Sulfur mustard in regenersting rat livers Drévented
cells from initiating mitoslg, while cells in metanhase and
anabhasé apnarently continued to comnletion. Ilo chromosomal
sberrations vere found (Msrehak 1946).

Koller (1947) found the cytologicel effects of nitrogen

ble. Both

vl

mustards a2nd ionizing rediations closely compar

N

induced stickiness end lecoping of chromos

O

mes, incomolete
enindle formation, and suvnregsion of 1
carcinoma. Koller, Ansarl, and Robson (Ref. 57, Gilmen and

Philive) 2lsgo induced chromosome breake in Tredescentis mollen

mitosls with sulfur mustard, a r=diomimetic phenomenon of
considerable significance. Identical sbnormelities were found

in the cells of a cagtric carcinoms of 2 natient treated with

HN2: chromosomeg beceme fragmented, clumned, nyenotic, or
sdhered as ansvhesee bridges (Soyiand 1947).

More subtle chromosomal changes are detectable only

genetically. Mustsrd ges induced nut=tlons in Drogo=-nille

(Auerbach 1947, Auerbach and Robson 1947, Slizyneka 1247) and



4
3\) .

in Neurognora (Horowitz et al. 1945).

This hiétorical summary is not complete in covering
mustard recezrch, nor in giving credit to meny workere in the
f1eld, Commlete accounte are not avalleble because of security
restrictions, but some references to wartime rescearch =re
avellable as wersonal communicatlions in the nore recent
erticles 1listed here. Clinicsl studles which lend weight to
the findings of the nioneer thersneutic wori, but do not extend

the cytologicel information, =g well 2g th

D

many naners covering

the chemicel and hiochenlcal behovior of the muausfeordis rre

outelde the scone of this naner and wave been omitted.

Yoet tlssues were obitained from mice, The normal
ticeue wags fetal mouse skin, which »nrovided both mecenchymal
and ebiderméiitissue for comnarieon with sarcomag and
carcinomes.

Three ssrcomse were used. Sarcoma 120, a tumor which
cen be malntained in any strain of mice, was grown and
biozgsayed in CFW albinos. This was the only heterologous
tumor used. LOLBAII, a2 fibrosarcoma originating in Jackson
Memorial Laboratory mice weze maintained in €57 blacks, line s,

from Bar Harbor. Earle's in-vitro-induced sszrcoma strain L

was obtained throuch the generosity of Dr. Kenneth Alxire.
This tumor, identified here as 202L, wae meintained in C3H
mice of 2 1line started with breeders from the Hational Cencer

Institute, kindly su»nnlied by Dr. Welter Heston.



Three carcinomas were z2lco ctudied., Adenoczrcinoms

Plack, 1ine & mice, the

n

E050 wae grown 2nd bloascayed in C57

atrain of origin. Another, clascified =2¢ an anesonl=etic
carcinome of the skin (1025) was obtained from Dr. Jabob Furtlh,
tranefers in
mice has become gsazrcomelike (MA 2927). Thesce vere maintoined
in AX mice, the strain of ori~in,

A few exverinente with IN3 made uece of =zvien tilecue

(o]

for commsricon with the resnonces of mamme’lan tissuee, an
straing of mouse and humsn fibroblaste which hed been isolated

earlier and maintailned in tlssue culture.

Mitrogen Mustards

The hydrochlorides of five congeners were chosen, the
simnlest.being methyl-glge}é5-chloroethyl)—amine nydrochloride,
Next was trig-( hloroethyl )-amine hyérochloride. These
comnoundsg, usually referred to as HN2 and HN3 in the literature,
are revresented in formulse I and II, Fig. 8. The others
contaein four chloroethyl radicals (the tetrakis series). III is=s

big- [bis—&ﬁ-¢ﬁﬂoroethyl)amind] -ethane dihyvdrochloride, of

which only an impure samnle wag avallable; IV is 1,3—bis—[:bis—

$£5—chloroethyl)amind] -propane dihydrochloride; V is 2-chloro-

l,B—bis-{;bis—Sé&—chloroethyl)aminé) —nrovane dihydrochloride.

These compounds will be referred to by number for the cake of
brevity. The commounds were dlesolved in neutral
nhysiological sodium chloride and neutrallized with NaHCO3 or

phosvhate-buffered saline 1 to 3 minutes before they came in



contact with the tissues.

Culture Method andéd Scorince of Effects

L

The preliminary screening followed the program
" gescrived for the recent studies of crude nenicilling
(page 14). Where more data about the cytological cheanges or

sbout the lethel dose level in vitro were needed, the rigild

scoring system was no%g followed, and observatlons were sulted

to the nature of the information decired.

RESULTS

Cvtolosical Effects

Effects Durine 24-hour Exvosure

B!

The initisl resnonses of normal and malipnent tlssue
at threshold doses {(the effective levels of cifferent rmasterds
are licted in Teble II) resemﬂled thioge ceen during the actlon
of moet deleterious segents. The cells hecame more srenular
and more onacue (the letter resulting orobably from the
increaced granularity). Fibroblests and soindle cells
(including those of the lung carcinome MA387) rounded un,
chenging from thelr fusiform shepe (filiform nrocesses) to
oval or gvherical (Lobate mrocesses, oOT none et 211,. Thig
rounding hze been obgerved to nrogress throush 2 shrivelling
stace where the cell membrane sucrested a slight crenstion.

Poseibly = brief suverficial wrinkling always occurred, but

Oy

had nasesed into the more smoothly convex contour by the time the
cells were observed. The cell becsme more refractile, noselbly

becauce of the increacsed thickness. Epithelial cells did not

7]
13

o
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roundé un =t any dosage.

38,
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ble IT Threghold Doseg and Tvne Resnonses of MNormal

™

an¢ Melicnant Cells to Mitroren Muceterde.

Skin MA387 L9LE 202L 120 1025 E060
T  HaCN(CHoCHpCl)»n

Dose Renge

in mg/L - 0.8~84 0.4-50 2-50 L-32 0.1-9.86 L.32 L4.32
Loweet Dose to

Demare: 24 hre. 8-16 8-16 12-1% 16 0.5-0.8 L1686 8&-16
Lowest Dose to

Kill: 24 nrs. 16-32 146 16 32 0.8 12-32 16=-32
Lowest Dose:

eg. bioassay 16-32 12 18 - 0.4-0.6 - _
Conc. Yielding

Gizant Cells 8 32 - _ - L 8
Conc. Czusing

Blisters - _ - —_— - _— -
Number of Ex-

nlants Tested 30L 135 Ly 78 13 112 191

IT 1(CHsCHpCLl)3

Doge Renge

in mg/L. 2.3=-320 1-320 2.8-160 10-100 1-120 2.3-50 10-100
Lowest Dose to

Damage: 24 hres, 10-20 20 10-20 10 2 207 10
Lowest Dose to

K111: 24 hre. 30-40 Lo 20=40 Lo £-10 Lo L0
Lowest Dose:

Nee. biloassay Lo 10-20 20-30 Lo 2-L 159 Lo
Conc. Yielding

Giant Cells 10 30 —— - - 20% 10
Cone. Causing

Blisters 208 Lo? S - - - -
Number of Ex- ' _ ‘
plants Tecsted 952 L21 658 1L5 635 208 1hi
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Chick embryo: liouse Human
Heart Brain Fibrobleste Fibroblesets

II  N(CHCHpCl)3

Dose Range
in mg/L 10-60 10-120 10-40 10-L40

Lowest Doee to
Demage: 24 hres. 10 10 20 Lo

Lowegt Doge to
K1i1l: 2L hra. L0-30 80 >Lo Lo

Lovest Doge:
Nez. Bloagsay 80 80 Lo or)> L0

Conec. Yielding
Giznt Cells L - 10 10

Cone. Ceusing
Blieters - 10 - _

Number of Ex-
nlants Tested 162 o

ys}
ON
I_J
R

Skin MA387 LokLs 120
IV (C1CH,CHp ) o NCH, UHaCHo N (CHpCHLC ) 5

Dosge Renge
in me/L .83-ho,5 ,83-ho.5 1.63-Lo.5 1.25-15

Lowegt Dose to

Damage: 24 hrs. 13.2 16.5 13.2-24.8 >15

A

Lowest Dose to
K111l: 24 hre. >L9.5 >ho.s >Lho.s 215

Lowest Dose:
Nez. Bioassay Dh9.5 16.5 16.5 2.5-5

Conc. Yieléing
Giant Cells 33 - _— _

Conc. Causing
Blisters _ _— o L

Tumber of Ex-
nlanta Tested 1s5L 71 113 76



Li

Skin MA3R7 LouLS 130
v (C1LCH2CHp ) o1IC -ZC:IC?_GHZEI(GHZCHzﬁl)Z

Doge Rence

tn mg/L 1.8-71.7 7.2-210 L 7.2=-71L.9 1-8
Lowest Doece to-

Damere: 2L hre. 20-52 8 71ﬁub' 17.9 1

Lowesgt Doee to

¥K111l: 24 hre. >7l.7 14,5 >71 9 8

Lowest Doge:

Neg, Blosgsay 5.8 paER 35.8 L
Conc. Yieléding

Giant Celle 8.9 - —_ -
Conc. Czusing -
listers _ - - _

Number of Ex-

vlents Tested 121 18 73 150

Concentrationg near the lethel level nroduced a
blistering of normal cells of eplthelial origin, whether they
were from mouse enidermis or chick brain., The blister 1lifted
the membrane in 2 crecscent-chaned wrotuberance which was non-
refractile, v»recunably beling filled with acueous fluld derive
from the cell or from the medium

Of the meliconant tiecsues, only the lune corcinoma MAR87

m

showed blisters, and in only ons emmeriment. In thilsg manner

1t beheoved like evnithelium =lthourh the cell ghape and growth

pettern were thosge of a gorconza., At lethal levels (Third
Renkg, Teble IT) granularity and roundlng vere more gevere,

and the celle beren %o dilsinterrate. Concentrations etrong

enougch to kill instantaneously, fixed the cell without
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altering the shape or other cytonlasmic features.

Effectes Followine Return to Mormal Medium

Hoderately affected celles recovered normal shane,
grenularity and refractility. lietere digavnezred if the
cell gurvived. Cell division occurred in such cultures, but
we can not say whether the cells showing earlier cytonlasmic
changes were those which divided.

Cells mortally affected but not killed during exposure
te the musterd continued on the way toward disintegration. The

situation was confused at the uoper dosage levels by fixed

celleg which, though dead, retsined a normel structure.
Continued cultivaetion was necessary to establish thelr non-
viability. The doge »nreventing in-vitro survival of normel
tissue after removal of the museterd is listed in Table II
under Biloassay. Tumor tissue ag tsclted 1In a2 eimilar fasﬁion,
as well as by bloassay 1in milce.

Over the entire raengwe of effective concentrations lerge
celle made thelr apoearance, sometimes duringe the 24-hour
period of exvosure (Fifth Ranks, Table II). louse dermal
fibroblasts grew to giant vrovortions while maintaining the
normal nuclear and cytonlasmic features‘shown in Fig. 9.

This cell can be compéred in size with Fig. 10, a vhotogranh

of the largest cells found in the control cultures. The cell

in Fig. 9 is exceptionally large, measuring about 5.6 mm, but
2g this vhotogranph and Fig. 11 show, the entire porulation
exhibits a2 trend toward increased size commared to an

average monuletion of normal cells, Fig. 12, In Fig. 13, cells
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were traced at a magnification of 20D on centimeter coordinate
paver %to nermit commarison of areas. The lesrgest of the
untreated cells (A) averaged 600 sq. M; celle trested at o
medium dose (B) aversged 1700 sq)/( and in the culture given
e dose lethal for most cells the average was 2300 sq. 4.
Epithelial cells of the skin did not show sipgnificent enlargement.
Both cercinomas and ssrcomes have yielded cells of
abnormally large size followlng nitrogen-mustard treatment.

These large cells did not avnear with the freocuency and

regularity thet typifled the resvonse of dermel fibroblasts,
but 1t wae posaelble to find them often in treated cultures of
carcinoma MA387, and sercoma 202L. Individual cells of 202L
occesionally reached gilant proportions (Fig. 1L) as compared
with the untreated, where even binucleate cells dld not get
as large (Fig. 15). Carcinome E060 also yielded cells (Pig. 16)
far beyond the size of any found in the controls (Fig. 17).
Chick fibroblasts responded with less frequency and
at higher concentrations, but the grestest increzce in size
found so far was observed in chick fibroblasts (Fig. 18 vs.
controls, Fig. 19).
These cytological changes were induced 1in at least one

of the tissues by mustards I, II, IV and V, but at different

concentrations for esch mustard, as listed in Teble II.
Mustard III was not thoroughly tested because of 1ts impufity.

"itotlc activity decreased ss cigentism increased 1in
any exnerimental ceries of grsded doses. In the cultures

from which nhotogrenhs 3 and 12 were %teken, no celle wvere
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found in mitosis. An occasional abnormal mitosis was found
following an intermediate dosage (Fig. 20), but sinmilar tri-
polar mitoses are also found, though razrely, in untreated

cultures.

Relatilve Activity of Different Mustards

Compared for milligram concentrstion per kilogram of
culture fluid, the toxicity and cytological effectiveness
decreased with increase in molecular weight. IMusterd IIIT

l,3—b1s—[bis—( -chloroethyl)aminél—etLane, wes an excentlon,

512 mg/K, but the samnle aveilable wee impure.

Converted to millimolarity, the concentratlons
reouired to »nroduce = threshold cytolorical effect were
I: 0.051 mM; II: 0.049 mM; IV: 0.033 mM; Vi 0.087 mi,

At this »oint 1t 1e advisable to call attention to the
instabllity of the nitrogen mustards in =lkaline solution
(Golumbic, Fruton and Bergmenn 1946; Gilman and Philine 1046).
So fact do they react with the medium, that there 1g always

" the oguestlon of what concentration actually reached the cells,
although the experimental medium was washed over the cells
within one to three minutes after the mustard was neutralized.
It »nroved imvrectical to attemmt to define effective levels

closer than by a factor of two.

Suscentibilities of Different Tiscsueg

-

With one exception, 211 %iscuee, normal and mzlisnant,

-

were equelly suscentible to the nitrogen mueterds insofar as
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thie method of culturing and evalusting nermits one to
determine. The excevntlon wag szrcoma 180, vhich 1s pecullar
erions the test tumors in that 1t is nheterologous. Both

in-vitro viegible demege and in vivo behavior subsecuently

(bioassay) showed a sensitivity 2t one tenth %the concentration
which affected other tissues. Table II shows that the hicher
cuscentibllity obtained, vhetever the mustard used, excent for
in-vitro damege with commound IV.

Mouse and human fibroblasts maintained in cultures

ceveral monthes were ag sensitive as mouse fibroblessts growing

from freshly exnlented fetal ekxin. Proliferating chick heart
or brain, cn the other hsnd, survived doses twice thet which
killed normel mouse cells, and 40 times thet rendering
gercoma 180 ineffective.

‘The mustards, then, distinquigh between celle of
_widely daifferent animals, or they can enhance the latent
f1ncomnatibllity of host and heterolosous tumor (S 130) but
they ¢ive no evidence of a gelective zction on maliﬁnanﬁ cells

ag ageingt host cells.

DISCUSSION

Cvtolorical Effects

Granularity, rounding, and disintecrstlon are non-

enecliflc resmonsee of 1little interest in analysie of the

enecific effects of nitrogen mustards.
Blistering of enithelilsl cells ie unueual., It was
ceen earlier in chick fibroblssta by Fell end Alleonn (1043 2)

with H2, but wartime restrictions nrohnibited nublication



(cf. Kernofeky et al. 1947 a). It ie merhens too obvious =
commarison to moint out that the veericant actidn of the
nitrosen mustsrds avnears at lescest sunmerficlelly eimiler at
the cell surfasce and at the bolly surface. However, loses of
£1uld from the celle may be =n escentlzl mart of the toxlclty

nattern, inasmuch ss the nharmacologiczal symmtoms of mustard

noisoning include fluld loss. Observation of the living cells
hae not revealed whether water was lost through these blisters.

They disaovpesred when the cell recovered, but were not seen

to burst.

The crowth of cells to extraordinery size has been

m
ct

renorted as a tynicael effect of nitrogen mustards 1in ra
corneal evnithelium (Friedenwald, Buschre snd Scholz 19LS),

in ammhiblen embryonic cells (Gillette and Bodengtein_19b6)
end in memmalian sarcoma cells crown on the chorioallantols
(Kernofsky et 2l. 1947 a). All thesce studies moint to a
fairly genera2l wnrovneneity of the niltrogen ﬁuptarﬁs for

causing »roliferating cells to enlerge instead of dividing:
mouse normel, sarcomatous and cearcinomsetous tlssues, and chick
normal tissue. The enlarged cells are tyonlcelly uninucleate,
and‘while unable to divide, asre able to differentlate —- 1in
ammhiblen embryos 2t lesst. Mouse fibroblasts maintain their

normal shave deavnite enormous increzase in gize. They are

not "giant cells" in the sense used by the vpathologlst,
encomvassing reaction celles which are usuvelly round and

maltinucleate,
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In tissue culture, large cells begiﬁ to aﬁnear at
concentrations which decrease the mitotic count. At higher
levels, where most of the cells are larger than normal, no
mitoges remain. No gilant cell has been found which shows
any evidence of mitosis. To ali anppearances, the secuences
of synthesis and growth nersist in the absgence of 2bility to
nroliferate. The reesponse within any nooulation of cultured

celle 1a errstic., Some cellg continue to divide while others

orow. At hicher doses, some cells sre killed, vhile others,

vrecsumebly those nrotected within the exnlant, nersist and
enlarce. The large cellg do not survive more than two weeks

in the ermeriments with n»nrolonged culturing in normel

i

medium, nor csn they be trenenlanted ag¢ roller-tube or

elide cultures.
The relationghin between cell overgrowth and inhibitlon

of division hes been discussed recently by Elsenstark and

to extend the already numerous comvarisons with x-ray effects.
The clinical resnonse of leukemlas, the mutsrenic effects,
the breakage of chromosomes, and the long letent vneriod, all

are radiomimetic effects renorted in thie litersture discussed

in the vreceding pages.

Comparative Effectiveness of the Mustards

On = moler basis, the mustards ~re ebout ecuilvelent
in oroducing threshold cytological dsmege. Thie 1g not the

case when the LD5O for mice ie¢ converted to millimols



{(unpubliched data eunplied by Dr. Josenh Burchenal and by the

Army Chemicsl Denartment, Edcewood Areensl):

Cytolosical mM LDSO

I Methyl-bisﬁé?-chloroethyl)amine HC1 .051 .027
IT Tris}j?—chloroethyl)amine HC1 .ob9 - .009
IV 1,3-bis-[bis-{& -chloroethyl)eming - .033 .009

pronane diHC1
v 2—chloro-1,3=Dbis-[big-(F -chloroethyl)  .087 .039
aminof|-pronane A1HCL
Anslow et al. (1947) revort o commarable higher

toxicity of HN3 in commerison with HNZ2 in the mouse and r t

m

(HN2 being slichtly more toxic to the rabbit).

In =2bility to k11l an intact mouse then, only II and IV
are equal, I and V being one-third and one-Iourth as effect%ve.
This underlines the value of the tissue culture method for
cetting closer to the reactlon between cell and exverimental
arent, by-passing detoxificetion and "weakest-1ink" mortelity
resulting from damage to one system or oroan,

It ie of theoretical interest to note that neither

in-vitro nor Ain-vivo toxicitles substantiete the reasconable

exvectancy that the Lotrakils commounds having two bilg-chloroethyl-

o
T

amino rrouns shiculd <isnley an effectlveness double thet of
the bilg commounds. Quite vnrobably = molecule cen react
only once and rarely getes into a2 mosition where both ends

can combine with =2 cellulser commonent.

Tissue Succentibilitles

The unliformity with which normal and malisrnent cells




resnond to nitrogen mueterds 1s disavpvointing, but in keevning
with the exteneive Tindinrs in c¢linicel use, Mitrogen mustards
demage mroliferating cellsg, hezalthy and neoﬁlastic, to the

game degree (Rhoade 1946),

Szrcoma 130 1g the excention, resnonding at 1/10 the

concentratlions reculred to affect other tumors. The culcker
cytologlicael resmonse in viitro onerhewns only reflects the
instability of S 180 under the conditlong of culture. It

is one of the most dilfficult tumors to maintsin in tissue culture.

-

Negetive Dbloasgsays followine relsatively low dosegs can be
comnared to the eage with which x—rav confere immunlty to
thlis hetarolozous tumor, but not to homeolorous Tumors

(Goldfeder 1945)

The resistance of chlck tissue to nitroren muctarde is
in keening with the findincg of Kernofekxy (Xsrnofsky et al.
1947 a2). Sercoma 180 wag Iilled 2% 0.1 mr/ers while the

12-dey chick redulred 0.9 nr/egc.

Criticue of Tissue Culture == 2 Ceancer

hemot%er?ny>80reenin~ llethod.

From the noint of view of the experimental cytolorcist

the cytolosical results and toxicity data could reasonably

be an adecuate ralcson d'etre for the exveriments revncrted

here. However, in underitaking such studles, we have nosed

the cuestion of utility in o chemnothereny »nrorran,

Two reculrements need to De satlefied to justify the
use of tissue culture Tor the screeninc of commounde First,

-

one muet denonstrete a2 selective effect: demege to



malignant tlssue in excess of that sustained by normel tissue.
Second, one must evaluate the cytologlcal changes co that
~objectlve criteria can bhe aonnlied in the wrocessing of a

large nunber of substances, ~

Theee requirements seem falrly a2decustely met by the

penicillin exveriments. A gelective effect was found, and =
scoring system was devised which nermitted genaration of a

few Penicilllium filtretes from a larger number of 1nactive

»nrenaretions.,

The nDossibility 1is very oreat that the selective

fector, if 1%t can be igolated, will not be of thersmeutlc

velue. One exnects meny valueless "finds" by esch of the

numerous screening btechnicues used in different laborastorles.

]

l=bo
’Nor.can tiseue culture be regarded se the only initial
"coerse mesh! in such a‘screeninx nrogram., It will not ancover
every substance of value. IHustards, Tor instance, exert
no selective effect in cultures, but they have w»roved to

e of very real theravpeutic value.

 SUMIARY
1. Exoloratory exnerimente exwosing normel and melicnant
tiscue simultaneously to crude wenicillin reveel a factor

gelectively lethal %o mouse and rat sarcomss.

2. It has been possible, by establishing objectlve criteria

of celluler damage, to ghow that some Penlecillium filtretes

-

and filtrete frsctions are more demacing To mouse sercoma

and csarcinema than to embryonic mouse cells.



3. The vieivle cytologicael changes are! 1increased
eranularity, opacity,'rounding and refrsctility.

L, Nitrogen mustards inhibit »nroliferation without inhibiting
the growth of malirnant and embryonic mouse cells,

5. Damaged celle are rounded uvn, crenuler, 2né refrectile.
Carcinoma and fetal enithelium sonetimes show blisters at

the cell surface.

&. Effectiveness in nmo/L of the muetards decreacses with

increage in molecular weight. They 21 »roduce cytonleamic
alterations and mitotic inhibition at 2bout 0.05 mli,

7. Mougse rarcoma 180 is the most sencitive of the tigsues
tested. YNext come the other sarcomes, the carcinomas, and
fhe embryonic skin, =211 a2bout ecually sensltive. Embryohic
chick cells were more resiletant than any mammalian cells
investicated.

8., The vigible cytolosical effects of crude nenicillin and

)

of nitrogen mustards are reversible, but cellgs which enlerge
instead of dividing have not been observed to divide at any
later time.

9, Tiesue culture can be used to detect substances which
gselectively demase mali~nant cells. Criteria of damere cen

be tabulated to mermit sn evaluation of a large number of

commounde acreened by simultaneous exnosure %Lto normal and

mallcnant cells,
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EXPLANATION OF FIGURES

Fipa. 1 and 2. Muscle (Fig. 1) and
sercoma 132 (Fig. 2) growing in the
same tube after 12 days' exnosure to
nenieillin, The visorous growth of
the muscle forms a2 mlgration zone ag
broad as the dlameter of the orisinal
exnlant, whereas the sarcoma shows
only a snarse frince of cellg and
scattered, rounded, moribund cells.

A white bar indlcetes the edcge of the
exnlant. X 45,

Materials for Figs. 1 - &6 fixed in

Bouin's and stained in hematoxylin.






Fig. 3. Sarcoma 132 untreated. The

5 gays! growth is ecual to the 12
deys! growth of the ruecle in Fig, 1.

X Lg,

Fig. 4. Muscle (Fir. 4) 2nd gszrcona
11 (Fip. 5) growing in the same

ot

tube after six days! exnosure to
nenicilliin followed by 2 days 1in
normal medium. The cells in the

muacle migration zone are the normal

fibroblastic type. X 100.
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Fig. 7. Criteria for grading

inhibition and damage of tissue
cultures. The grades for lysis
are inverted since there isg less

lysles wlth greater inhibition.



GRADING OF GROWTH AND LYSIS IN TISSUE CULTURES

GRADE o I 2 3 4 5
- NONE FEW CELLS 1/3-3/4 OF COMPLETE GROWTH
EXTENT MIGRATING EMERGING EXPLANT  ZONE ZONE
OF CELLS  ALONG I/4-I/3 ENCIRCLED OF AS WIDE AS
£  GROWTH OF GROWTH  EXPLANT
z PERIPHERY / N A
: /4 4 Vbl itz e
5 O /% //4/2 - . ,,//4,/ :\\\ ”’;/;;414\§\\\\\“\““ ;//,
- # S (N N
¢ GRADE OF
INHIBITION 4 3 2 : 0
NONE  SMALL PER- CLOT  1/12-3/4 OF COMPLETE
EXTENT FORATION RETRACTED EXPLANT ZONE
OF OF FROM |/4 1/3 ENGIRGLED OF
o LYSIS cLoT LYSIS
5 PERIPHERY
r

sNoNoNeoYON

~— —GRADING OF GRANULARITY AND
ROUNDING IN TISSUE CULTURES

0 2 3 4
GRANULATION ( (

ROUNDING

Ficure 7



Fig. 8. Formulae of Nitrogen Mustards

I Methyi big- (F-chloroethyl)-
amine, or HN2.

IT Trig- (Z -chloroethyl )-amine,
or HN3.

ITI  Bis- [bls- (& -chloroethyl)-
aming) —ethane.

IV 1,3-bieg~-[bis- (& -chloroethyl)-
amino| -provane.

v 2-chloro-1,3-bie- [ble- (& -chloro-
ethyl)-aming -nropane.

These were used as the hydrochlorides

(I & II) or dihydrochlorides (III, IV, V).
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CL-CH,-CH,\ H CH, CH, CL.
N-CH;G-CH; N
/7 ' N
CL-CH_CH, cL CH, CH, CL
Y

Ficure 8



Figuregs 9 - 20
Normal fetal mouse skin, mouse
carcinoma E060 and sarcoma 202L
were grown in normal medium for U8
hours{ then exnosed to 10, 20 and
40 mg/L of HN3 (compound II) for one
day. Embryonic chick heart was ex—
posed to 100 mg/L; They were returned
to nofmai medium and fixed 5 days after
termination of the exposure. Fixative:
10% formalin; stain: Harris hemalum.
X 200 in figures 14 - 17 and 20;
X 100 in others.

Figs. 9 - 12
Fic. 9. Mouse Tibroblasts grown to
gloantic vnroportione following exnosure
to 10 me /L.
Fig. 10. Normel mouse Tibroblasts, the
largest to be found in the contrel culture.
Fig. 11. Tyvnical nonulation of enlarged
cells following exposure to LO mg/L.
Fig. 12. Tyoical »onulation of untreated

mouse fibroblasts.
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Fig. 13. Tracincs of normal and
exnosed mouse fibroblasts on
centimeter coordinate paver,

A: The largest cells to be found
in the control ftube; sverasge srec
600 eq. p. B! Renresentstive
sampnle of cells exnosed to 20 me/L;
average area 1700 sc. .

C: Renrezenitecitive sambnle of cell
2xnosed to L0 me/L; aversgse area

2800 ea. P
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Fig. 14, Sarcoma 202L after
exvosure to 20 mr/L.

Fig. 15, Largest cells (note
binucleation) in the untreated
culture of 202L,

Fig. 16. Carcinoma E0S0 after
exnosure to 40 mg/L. As in any
epnithelium the cell bounderies
are indlstinet. Comnare gsize of
nuclel.

Fig. 17. Untreated E060. Cell
rounding un for division in lower

right.






Fig. 18, Gieant Tibroblast from chick
heart following exvosure to 100 mnge /L.
The nucleus and nucleoll are clearly
vislible In the center. The thin
“Cytoplasm extends across the middle
third of the photograxh.

Fig. 19. Untreated chick fibroblasts.
Fig. 20. Tripolar mitosis in chick

fibroblast exvosed to 100 me/L.






