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In a previous paper (1) a technique was described for the cultivation in
vitro of monocytes derived from peritoneal exudates of guinea pigs. When
the cells from normal animals were infected with tubercle bacilli, either viru-
lent or attenuated, the organisms were found to multiply intracellularly even
in culture systems in which extracellular proliferation was prevented by small
concentrations of streptomycin added to the liquid culture medium (1). The
present study deals with the comparative multiplication of tubercle bacilli
within the monocytes derived from normal guinea pigs and rabbits and from
animals previously vaccinated with BCG.

Materials and Methods

Animals.—Albino guinea pigs, males and females, were obtained from the Rockefeller
Institute stock. They weighed between 400 and 450 gm. at the time of vaccination and more
than 500 gm. when used for the preparation of exudates. Hybrid rabbits weighing 2000 to
2500 gm. were also obtained from the Rockefeller Institute.

Vaccination.—The technique of vaccination with BCG used in these experiments has been
described in earlier publications from this laboratory (2). The culture of BCG, originally
obtained from the Henry Phipps Institute, Philadelphia, through the courtesy of Dr. J. D.
Aronson, has been propagated continuously for several years in a liquid medium containing
0.05 per cent tween and 0.5 per cent bovine albumin fraction V (3). Guinea pigs and rabbits
were injected intradermally with 0.1 ml. of a 7 day old culture. This technique of vaccina-
tion was found to elicit in all guinea pigs a relatively uniform level of skin hypersensitivity
to tuberculin (4, 5).

All control animals were injected intradermally with 0.1 ml. of fresh culture medium.

Infection and Cultivation of the Mononuclear Cells.—The technique has been described in
detail in a preceding paper (1). Guinea pigs were injected intraperitoneally with 10 ml. and
the rabbits with 50 ml. of a solution containing 0.01 mg. glycogen per ml. physiological saline.
5 days later the animals were bled by heart puncture and the exudate from each animal
was collected in a volume of Hanks’s balanced salt solution (6) sufficient to yield 25 to 30
ml. of fluid. Fresh, normal, homologous serum was added to the exudate in a final concen-
tration of 2.5 per cent. 1.0 ml. of a centrifuged and diluted culture of tubercle bacilli was

* Present address: Department of Bacteriology and Immunology, Harvard Medical
School, Boston.
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236 PHAGOCYTED TUBERCLE BACILLI AND VACCINATION

carefully mixed with 9.0 ml. of exudate. One sample of each exudate received 1.0 ml. of the
diluent instead of the bacterial suspension to serve as control. The mixtures were then
poured into Petri dishes and incubated at 37°C. for 1 hour in order to allow the monocytes
to engulf the bacilli and to settle on small glass slides placed in the Petri dishes as described
earlier. The slides with the monocytes were carefully washed in fresh balanced salt solution,
covered with a thin film of formvar (7), and placed in screw-capped tubes containing 0.6
ml. of a liquid culture medium. The medium consisted of Hanks’s solution, 80 per cent fresh
homologous serum, 50 u. penicillin, and 5 « streptomycin per milliliter. Of the 9 slides from
each Petri dish, one was immediately fixed and stained, and the others transferred to two
culture tubes, four in each. The tubes were incubated at 37°C. in a rotating machine, the
medium being changed after 1 and 3 days. One slide was removed from each tube after 24
hours, 3, 3, and 7 days of cultivation; the cells were fixed in absolute methyl alcohol and
treated with a cold stain for tubercle bacilli and counterstained with Giemsa.

The number of stained tubercle bacilli within each of 100 phagocytes was determined,
and the cells were classified according to the number of bacilli that they contained (1 to 2,
3 to §, 6 to 10, or more than 10 tubercle bacilli).

Monocytes derived from both normal and vaccinated animals were used in comparative
experiments. The serum employed in the preparation of the tissue culture medium was
usually that of the animal from which the monocytes had been obtained except in experi-
ments designed to investigate the effect of “immune’ serum vs. normal serum on the inhibi-
tion of growth of tubercle bacilli.

Strains of Tubercle Bacilli—~For the infection of the monocyte cultures, the following
strains were used: H37Rv and Vallée (virulent); RiRv, BCG-Phipps, and BCG-Tice
(attenuated).!

Multiplication of Tubercle Bacilli within Phagocyles Derived from Normal
and Vaccinated Antmals—

Guinea pigs were injected with BCG-Phipps or culture medium as described above. After
4 weeks or later, exudates for each experiment were collected simultaneously from a vac-
cinated animal and from a control. Normal serum was added in a concentration of 2.5 per
cent to both exudates which were adjusted to the same cell content per milliliter. They were
then infected with either BCG-Tice, BCG-Phipps, R1Rv, or H37Rv. The mixtures were
distributed in Petri dishes and left at 37°C. for 1 hour. Then the monocytes were cultivated
by the technique already described. The monocytes derived from the normal animal were
cultured in medium to which normal serum was added, whereas the medium for the cells
from the vaccinated animal contained serum from a vaccinated one. The results obtained in
experiments using monocytes from animals 5 weeks after vaccination are presented in Fig. 1
and Table I.

These results show that the bacilli of both strains multiplied within the
monocytes derived from the normal animal, but not within the monocytes
of the vaccinated animal, at least during the first 5 days of cultivation; only
on the 7th day was a slight increase in the number of bacilli observed in the
latter cells.

1 The designation BCG-Phipps and BCG-Tice indicates the institution from which the

cuitures were obtained; Phipps from The Henry Phipps Institute, Philadelphia, and Tice
from The Tice Laboratory, Chicago, through the courtesy of Dr. S. R. Rosenthal.
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F16. 1. Multiplication of tubercle bacilli (strains BCG-Tice and R1Rv) within monocytes

derived from normal and vaccinated guinea pigs. The columns represent the percentage of
phagocytes containing 1 to 2, 3 to 5, 6 to 10, and over 10 stainable bacilli.

TABLE I

Multiplication of Tubercle Bacilli (BCG-Tice and RIRv) within Mononuclear Cells Derived
Jrom Normal and Vaccinated Guinea Pigs

BCG-Tice RiRv

Days of
culti{"ation. - 1 3 5 7 1 3 5 7

b{alb|a|bialb|alb|alb|a|bfalb

Monocytes from normal animals

A(1-2bacilli) (42} 41 (18 (12| 6§ S| 65752 4 6§ 8§ 2
B(BE-5 “ )(34(36(38[30]16 12117 (38 [ 38 [ 15| 12 12 7
C(6-10 ““ ) | 21]20| 33|42 353 3436|510 52 49 56 48
D(>10 ¥ ) 3] 3111625 49 14110 02933 24 43

Monocytes from vaccinated animals

A (1-2 bacilli) | 41 | 38 | 37 | 40 | 35 138 33345049 |47 1635|3013 10
B@-5 “ ) |37(29(33 2637 40|39|34(42|37 31|39 44|36 28] 31
C@6-10 “ ) | 1627 |24 (2722120 |23 |26 |8 131527 21 | 24 37 | 37
D(>100 “ )| 6| 61 6{ 7( 62| S| 6!/0| 1, 7(18(0 10 ‘22 22

* Columns a and b represent duplicate counts made on separate slides from two different
culture tubes.

1 100 phagocytes containing tubercle bacilli were classified according to the number of
stainable bacilli that they contained. The figures represent the percentage of phagocytes
containing the following number of tubercle bacilli: 1-2 (A), 3-5 (B), 6-10 (C), and more
than 10 (D).

§ No counts.
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The same experiment was carried out using exudate monocytes from a
normal rabbit and a rabbit vaccinated with BCG 5 14 weeks earlier. The re-
sults presented in Table II show that bacillary multiplication within mono-
cytes from the normal rabbit occurred at a rate similar to that observed in
monocytes from normal guinea pigs whereas it was markedly inhibited in the
monocytes of the vaccinated rabbit.

Degeneration of cells was noted in tissue cultures from normal guinea pigs
infected with R1Rv and in rabbit cells infected with Vallée. With monocytes
from vaccinated animals, there was no indication of any cytotoxic effect of the

TABLE II

Multiplication of Tubercle Bacilli (BCG-Phipps and Vallée) within Mononuclear Cells Derived
from Normal and Vaccinated Rabbiis

BCG-Tice Vallée

Days of
cultivation.... 1

K

3
alb

5 7 1 3 ‘ 5 7
a]b albnlba'blnlb alb

Monocytes from normal animals

A(1-2bacilli) | 41* 47119 13| 7) 5| 8| 76216136 2616, 8 1214
B@B-5 “ ) 30129413619 ] 812122933 |51 46|21 | 15 18 | 19
C(6-10 “ ) |18 |18 |28 (275030272896 11|21 5257|2829
D(>10 “ ) (11| 6|12 )24 {24157 |53 |53}10{0} 2,7 21|20}42 38

Monocytes from vaccinated animals

A (1-2 bacilli) | 63 | 50 | 63 | 65 | 66 | 54 | 42 | 43 70 |71 | 60 |60 |57 | 54 | 35 | 43
B@-5 “ )([19124121,20(24(29|23]26|25|24| 3031351333538
C@6-10 “ ) 113221311 | 8113 18|26 4|5 9|8 |7 [11]22]14
D(>10 “ ) 5| 4| 3] 4) 2| 4|17 5;1]0) 111)1| 2| 8} 5

* See legend Table I.

bacilli, probably as a result of the fact that intracellular multiplication of ba-
cilli was greatly inhibited in these cultures.

As more monocytes were usually present in the peritoneal exudate of vac-
cinated animals than in that from the normal, it was necessary to adjust them
to the same cellular density. However, there was no apparent difference in
phagocytic activity between the two groups of cells, as can be seen in Fig. 1
and Tables I and II. The two types of monocytes did not differ in their ca-
pacity to transform into macrophages and to proliferate.

Influence of Serum wpon the Muitiplication of Tubercle Bacilli within Mono-
cytes from Normal and I'mmunized Animais~In the experiments thus far
reported, the monocytes had been cultivated in media containing serum de-
rived from the same animal. An attempt was made to determine the com-



Per cent cells

Normal serum

EMANUEL SUTER

Normal

LA i
TP

s oy
LR

[y
© et

(¢ ]

~3 b e
-

(4]

(¢4

awas

Vaccinated

Immune serum

wkeIont

-

Days
Fic. 2. Multiplication of tubercle bacilli (BCG-Phipps) within monocytes derived from
normal and vaccinated guinea pigs in media containing either normal or “immune serum.”

TABLE III
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Muliiplication of Tubercle Bacilli (R1Rv) within Mononuclear Cells from Normal and Vaccinaled

Guinea Pigs in Culture Medium Containing either Normal or Immune Serum

Normal serum Immune serum
D
cult?gzt‘i,gn. cee 3 5 7 1 3 5 7
@b a|blalblalblalb|a]bla]b|al]b
Monocytes from normal animals
A (1-2 bacilli) 52*: 317150 7, 71 1| 3 {59 53 i19 17/611} 5| 5
B35 “ ) 313528 341718 | 11|16 28| 32 43|44 |20 |24 | 24 | 16
C@-10 “ ) |13 (1240|4253 55 | 40 | 33 {13 | 15 131 | 26 {62 |58 | 41 | 46
D(>10 “ ) 41 0115 9)23,20,48/48,04 0 711312173033
Monocytes from vaccinated animals
A(1-2bacilli) | 6416456 60| 66 | 65| 55 | 50 152 | 53 |61 | S0 166 |61 | 44 | 49
B(3-5 “ ) |33|28|34(30|25/27]|31]29/31|32 3131|2832 37|24
C (6-10 * ) 30 8110 91 9! 81121717114 |8 1916 | 7| 14| 20
D(>10 “ ) o/ 0 0 1| 0] O 2, 4/0) 1]0] O/O0l0] 5| 7
* See legend Table 1.

parative effect of normal serum or of serum from a vaccinated animal on the
intracellular multiplication of bacilli within monocytes from normal or vac-
cinated animals.
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The procedure was the same as described above with the exception that
the monocytes of both normal and vaccinated animals were cultivated in
presence of either normal serum or serum derived from a vaccinated animal.
The results obtained with guinea pig monocytes are recorded in Fig. 2 and
Table III, and those with rabbit monocytes in Table IV. In both cases, the
animals had been vaccinated 8 weeks prior to the culture tests. It is clear that
the cell-parasite relationship was not influenced by the source of the serum,
under the conditions of the test. Serum from a vaccinated animal did not
affect the multiplication of the bacilli within monocytes from a normal ani-

TABLE IV

Multiplication of Tubercle Bacilli (BCG-Phipps) within Mononuclear Cells from Normal and
Vaccinated Rabbits in Culture Medium Coniaining either Normal or Immune Serum

Normal serum Immune serum

Days of cultivation 1 3 7 1 3 7
e | b 2 b a | b Jafbvla|b|alfn

Monocytes from normal animals

A (1-2 bacilli) | 50* | 48 19 16 b4 6 |46 143 15|13 | 8| 7

B35 “ )| 32 34 35 32 11 | 32311303113} 16
C (610 “ ) | 16 15 39 39 30 [ 1511940392227
D(>10 “ ) 2 3 7 13 53 Ty 7T)15)17 (57|50

Monocytes from vaccinated animals

A (1-2 bacilli) | 42 42 27 29 25 25 | 38|41 |34]31]2325
B@3-5 “ )| 28 25 28 32 31 24 | 301283130125 24
C@-10 “ )| 22 22 25 27 26 24 (2112020272624
D(>10 “ ) 8 1 20 12 18 27 |1 {11 )15(12)26 27

* See legend Table 1.
{ No count.

mal, nor did normal serum alter the inhibition of bacillary multiplication
within monocytes from a vaccinated animal.

Time Required for the Appearance of the Growth-Inhibitory Property of Mono-
cytes Following Vaccination.—The degree of immunity in tuberculosis is usu-
ally determined by comparing the resistance of the immunized animals to
virulent infection with that of control animals. Under these conditions, the
degree of protection observed may be due to the immunity acquired after
vaccination as well as during the course of the challenge infection. In conse-
quence, little information is available about the time schedule of the develop-
ment of immunity. The tissue culture technique used in the present studies
permits the separation of the immunizing effect of previous vaccination from
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that of the infection during the test itself. More specifically, it allows deter-
mination of the time required for the development of the ability by mono-
cytes to inhibit the intracellular multiplication of tubercle bacilli.

Sixteen male guinea pigs were injected intradermally with a culture of BCG and another
group received normal culture medium instead. The animals were then used as sources of
exudates, according to the following schedule: The first animal of each group was injected
with glycogen the day following vaccination and the others 3, 6, 10, 15, and 22 days later.
The exudates were collected 5 days after injection, that is, 6, 8, 11, 15, 20, and 27 days after
vaccination. In all experiments the culture BCG-Phipps was used for the infection of the
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F1c. 3. Multiplication of tubercle bacilli (BCG-Phipps) from normal (a) and from vac-
cinated guinea pigs (b) at different intervals after vaccination. The figures indicate the num-
ber of days following vaccination after which glycogen was injected (Ist figure) and the
exudate was collected (2nd figure).

monocytes, and the serum used for the cultivation of monocytes was obtained either from
normal animals in the case of the controls, or from vaccinated animals in the case of cells
from the vaccinated ones. The results of microscopic observations made on preparations of
cultures after 24 hours and § days of cultivation are given in Fig. 3 and Table V.

The first evidence of inhibition of the growth was observed in the cultures
of monocytes derived from the exudate collected 8 days after vaccination.
No multiplication whatever was observed within monocytes derived from
exudates collected 15 days after vaccination or later. It is noteworthy that
the multiplication.of the BCG bacilli within the monocytes taken from the
control animals at different periods was uniform throughout the experiment.

The time required for the appearance of skin hypersensitivity to tuberculin
after vaccination was determined in the following experiment.



242 PHAGOCYTED TUBERCLE BACILLI AND VACCINATION

TABLE V

Time after Vaccination of Guinea Pigs Required for the A ppearance of the Ability of Mononuclear
Phagocytes to Inhibit Intracellular Multiplication of Tubercle Bacilli (BCG-Phipps)

Days after vaccination
1/6* 3/8 6/11 10/15 15/20 22/27
Days of cultivation ) 1 5 1 5 1 H 1 5 1 5 1 5
at' b a Ib alb alb aIb alb alb alblalb a|b a‘b alb
Monocytes from normal animals

A (1-2 bacilli) | 57} S3 | 6| 9[47/48| 7| 8{35/46| 8| § |64{66] 9| 8/52(56{ 9| 7{54|52| 8| 3
B (35 “ ) |30 33|14 |21)31|28/17|16|36|28/19] |28]29)22|19/28|30|17|18|29|30|14|12
C (6-10 “ ) | 13 | 11 | 61 |63{19/20(59|60|26/15/S5 8! 5;59|60]17|13|64|60|14/17!53|62
D(>10 “ ) 0! 3197 3| 417)16] 3| 1/18 0| 0[10i13| 3i 1]110{15| 3} 12523

Monocytes from vaccinated animals
A (1-2 bacilli) | 48 | 56 | 6 {15/50[45|17|20|37(42|33|34(68(69]|71|69(59/63| § [66/53|47]52|59
B (3-5 “ ) | 33 29 | 21 |24(27|27|34|36/40/42|37]36{27|2724(24|30]25| |27{29|29(30(26
C (6-10 “ ) | 18 | 13 | 63 |56{18|19]30|34|21|14/25|25| 5| 4| 5| 6{10[12 7|15|20117{13
D(>10 “ ) 17 2|10 5 5 9{19{10] 2| 2| 5; 5/ 0] O] O 1} 1 O 0 3| 412

1 See legend Table L.

* The figures indicate days after vaccination. The first refers to the injection of glycogen
and the second to the date of the experiment when the exudate was collected.

§ No count.

TABLE VI

Skin Reaction of Guinea Pigs to the Iniradermal Infection of Old Tuberculin at Various Intervals
of Time after Vaccination with BCG

Group

Time between
vaccination
and test

QN U NN

days
2
5
10
15
21
37

Size of the area of the skin reaction®
a b a b a b a b a b a b
25— 3| —4f 2} —}| 3| —| 3} —1| 2| —
2 — 8| — S| —]|—|—|—|—|11|—
9 7112710 11 9 8 8 7 5 9110
16 | 10 | 12 9|12 |12 |14 |11 | 17|15] 16| 11
14 114120 |17 |15 14117 |12 | 16| 14
20112 16|10 16| 14 | 14| 14| 13 | 12

*Results obtained with 6 guinea pigs in each group
} Diameter in millimeters of the area with swelling and redness. Measurements taken
(a) 24 hours and (b) 48 hours after injection of old tuberculin.

Thirty-four female guinea pigs were injected as described above, with 0.1 ml. of a BCG
culture. The animals were divided into 6 groups, 4 consisting of six animals each, and 2 of
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only five. Those in each group were tested for skin hypersensitivity by injecting intrader-
mally 0.1 ml. old tuberculin Lederle diluted 1:1000, 2, 5, 10, 15, 21, and 37 days after vac

cination. The area of swelling and redness was measured after 24 and 48 hours. The results
are given in Table VI.

Only doubtful reactions were observed in the animals of groups 1 and 2,
whereas the animals tested on the 10th day after vaccination showed a skin
reaction which persisted for 48 hours or longer and could, therefore, be con-
sidered as tuberculin-positive. The reaction was more intense in the groups
tested later.

DISCUSSION

Reinfection with tubercle bacilli differs from primary infection in many
respects, notably in the rapidity of spread of bacilli from the site of infection
and in the extent of bacillary proliferation in the tissues. The different theories
which have been formulated to account for these differences have been re-
viewed critically in recent publications (8, 9) and can be classified as follows:—

(@) It has been repeatedly claimed and denied that the body fluids or blood from
immunized animals possess bacteriolytic properties (10-12, and 13-17). (b) Experi-
mental evidence has been adduced to support the view that tubercle bacilli degen-
erate or are destroyed within giant cells (18), polymorphonuclear leukocytes (19),
monocytes and macrophages (20, 21), or clasmatocytes (22). But this statement has
not remained unchallenged (17, 23, 24). (¢) A combined effect of humoral and cellu-
lar factors has also been invoked (25-27). (d) The fixation of the tubercle bacilli at
the site of reinfection has been held by many workers to be the result of increased
inflammatory reaction as a result of hypersensitivity (28). This dependence of im-
munity on hypersensitivity has also been denied (29).

By permitting the separation of some of the multiple factors which come
into play during reinfection, the i vitro experimental system used in the
present experiments has made possible a study of their respective influence
upon the intracellular parasitism of tubercle bacilli. It has been shown that
multiplication of attenuated and virulent tubercle bacilli occurs readily within
the phagocytic cells of normal guinea pigs and rabbits—especially in mono-
cytes and macrophages, but is greatly retarded or inhibited within phagocytes
from vaccinated animals. This inhibition appears to be independent of the
presence of humoral factors in the culture medium, a fact which lends support
to the assumption that as a result of vaccination the phagocytes themselves
become endowed with the ability to interfere with the intracellular multipli-
cation of tubercle bacilli.

The results reported in this and a previous paper are in accord with Lurie’s
concept of the role of the monocytes in immunity to tuberculosis. By injecting
monocytes which had phagocytized virulent tubercle bacilli into the anterior
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chamber of the rabbit eye, this author found that the infection of the eye
progressed rapidly when monocytes from a normal rabbit were used whereas
it'was retarded in experiments utilizing monocytes from immunized rabbits
(30). In Lurie’s experiments, as in the ones described in the present paper,
inhibition of bacillary multiplication appeared to be independent of the addi-
tion of immune serum to the system.

In the present experiments, the growth-inhibiting property of the phago-
cytes of guinea pigs could first be recognized in vitro on approximately the
10th day after vaccination. It is commonly found in vivo that the first signs
of inhibition and destruction of bacilli occur 10 to 14 days after infection (31).
This similarity in findings suggests that the in vitro system can be used for
the analysis of the mechanisms of acquired immunity in tuberculosis.

SUMMARY

When monocytes derived from normal guinea pigs or rabbits were infected
with tubercle bacilli and cultivated i vifro, the bacilli multiplied abundantly
within the cytoplasm of these cells.

By contrast, intracellular multiplication of the bacilli was retarded or com-
pletely inhibited within the monocytes of rabbits or guinea pigs vaccinated
with BCG. This inhibition of growth was observed with both virulent or
attenuated strains of tubercle bacilli.

Under the conditions used in the present study, the ability of monocytes
to inhibit bacillary proliferation was the same whether serum from a normal
animal or from vaccinated animals was used in the tissue culture medium.
Moreover, the serum of vaccinated animals did not inhibit multiplication of
tubercle bacilli within monocytes derived from a normal animal.

The ability of guinea pig monocytes to interfere with intracellular bacillary
proliferation was first perceptible 8 days after vaccination,
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