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SUMMARY

Intraperitoneal infection of mice with mycobacteria induces the persistent mobilization of
neutrophils to the infected peritoneal cavities. The recruitment of the neutrophils was mediated by the
immune system since it was enhanced by immunization and reduced in T cell-deficient nude and
SCID mice. Anti-mitotic treatments with cyclophosphamide or X-rays led to a reduction in the
number of mononuclear cells in the peritoneal cavity of infected mice, followed by a reduction in
neutrophil numbers despite the presence of a normal circulating pool of neutrophils. The depletion of
T cells with antibodies during mycobacterial i.p. infection led to a reduction in the number of
neutrophils. Such a reduction was more extensive if the antibodies were administered early. Our data
suggest that T cells are partially involved in the direct recruitment of neutrophils during chronic
mycobacteriosis but they also play a role in the priming of other cell types for the mobilization of
these phagocytes.
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INTRODUCTION MATERIALS AND METHODS

Reagents
During infection, neutrophils are the first phagocytes to be Bacterial culture media were obtained from Difco (Detroit, MI).
recruited to the infectious foci. In the case of extracellular Tween-80 and saponin were from Sigma (St Louis, MO), anti-
pathogens, these cells will predominate during the course of the thymocyte serum (ATS) and normal goat serum (NGS) were
infection. During chronic infections by intracellular parasites, purchased from Calbiochem (La Jolla, CA) and cyclophospha-
monocytes will accumulate at the infectious lesion and will be mide was from Asta Werke (Bielefeld, Germany). Staining of
the predominant type of professional phagocytes found cytospin preparations was performed with the Hemacolor kit
throughout the infection [1]. Recently, we have reported that from Merck (Darmstadt, Germany).
neutrophils can be detected not only during the acute initial
response after the inoculation of mice by mycobacteria but also Bacteria
during the chronic stages of infection [2]. Such long-term Mycobacterium bovis BCG (TMCC 1011, strain Pasteur) and
accumulation of neutrophils in the infection by these intracellu- M. avium (ATCC 25291) were grown in Middlebrook 7H9
lar parasites was shown to be dependent on the activity of the medium supplemented with 0 04'% of Tween-80. Inocula were
immune system, namely of T cells [3], as well as of host genetic prepared from mid-log phase cultures by pelleting the bacteria,
and bacterial virulence factors [4]. Furthermore, antigen- resuspending in a small volume of saline with 0-04% Tween-80,
specific T cells capable of being triggered by exposure to briefly sonicating the bacterial suspension and freezing at
mycobacterial antigens to recruit high numbers of neutrophils, - 70OC until use [7].
are present in the peritoneal cavity of intraperitoneally infected
mice [5] and in the spleen of intravenously infected animals [6]. Animal
Here we further detail the participation of T cells and other cell Female C57BL/6 mice were purchased from the Gulbenkian
types in the persistent recruitment of neutrophils during perito- Institute (Oeiras, Portugal). They were housed under standard
neal infection by mycobacteria. hygiene conditions and given commercial chow and acidified

water ad libitum. Mice were used when they were 8-12 weeks

Correspondence: Rui Appelberg, Centro de Citologia Experimental old. Euthymic C57BL/6-nu/ +, athymic C57BL/6-nu/nu nudes,
da Universidade do Porto, Rua do Campo Alegre 823, 4100 Porto, severe combined immunodeficiency (SCID) mutants and CB-17
Portugal. mice were purchased from Bommice (Ry, Denmark) and were
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kept in sterile cages, given sterile food and water, and manipu- 7
lated in laminar flow hoods under aseptic conditions.

Study of the inflammatory response to the i.p. infection 6
Mice were inoculated intraperitoneally with' 2 x 106 colony-
forming units (CFU) of BCG or 101 CFU of M. avium in 0 5 ml
of saline-0.04% Tween-80. At different time intervals, mice were
killed by ether anaesthesia and their peritoneal cavity was 5
washed with 4 ml of PBS. An aliquot of the washout fluid was
collected with a syringe fitted with a 32-G needle and the cellular '
concentration was determined with an automatic cell counter. 04
Cytospin preparations were made using a Shandon II cytocen- C-\

trifuge and stained with the Hemacolor staining kit. Differential
cell counts were then made and the total number of the different
cells present in the exudate was calculated. An aliquot from each 3
exudate was lysed with 0-1% saponin, serially diluted in a 0-04%
Tween-80 solution and plated onto Middlebrook 7H10 agar
medium for bacterial viable counts. Four mice were studied per 2
time-point and the results are expressed as the mean+ I s.d.
Data were analysed using Student's t-test.

In some experiments, mice were given different treatments:

(i) One group of mice was immunized with 2 x 106 CFU of 0 10 20 30 40 50 60
BCG Pasteur intravenously 6 months prior to the study of the Time after infection (days)
i.p. infection; Fig. 1. Number of viable BCG in the peritoneal cavity of intraperito-(ii) Cyclophosphamide-treated mice weighed about 30 g, neally infected mice at different time intervals after inoculation. Each
received a fixed dosage ofa single dose of 3 mg ofcyclophospha- time-point represents the geometric mean + 1 s.d. of colony-forming
mide intravenously at different periods of time, and were then units (CFU) from four mice.
killed.

(iii) Groups of mice were irradiated with 7-5 Gy with an X-
ray source prior to the study of the peritoneal cellular exudate. days there was a slight decrease in the number of the resident
Bone marrow was reconstituted in some irradiated mice by an macrophages followed by an increase in macrophage numbers,Bonmasmairroe icel. In o r which attained a maximum during week 2 of infection. Neutro-
i.v. infusion of isolated syngeneic bone marrow . phils were seldom found in undisturbed peritoneal cavitiesexperiments, bone marrow was protected in one hind-limb by 101 per cavity). The accumulation of neutrophils following
using a lead shield during the irradiation procedure..

(iv) ATS or NGS was administered at different times of the inoculation of the mycobacteria was biphasic with an acute
infection (0- 1-0-3 ml per dose through the lateral tail vein or by influx in the first 8 h followed by a later and persistent influx
the intraperitoneal route). peaking around week 2 of infection. The number of eosinophils

tended to decrease after a slight increase over the resident
Flow cytometry population in the first 6 h. In the subsequent experiments we
Spleen cells were collected by gently mincing the spleens. After analysed the regulation of the second phase of neutrophil
washing the cells, they were stained with one of the following accumulation.
FITC-conjugated antibodies: goat anti-mouse IgM (Southern
Biotechnology, Birmingham, AL) or rat anti-mouse Thyl .2 Vaccination enhances the magnitude of neutrophil accumulation
(Becton Dickinson, Erembodengen, Belgium). Flow cytometric The number of neutrophils accumulating at the peak of the
analysis of single stained cells was performed in a Coulter neutrophilic response (day 14) to the BCG infection was
FACS. compared in normal and immunized mice. As shown in Fig. 3,

mice that had been immunized intravenously 6 months pre-

RESULTS viously with BCG responded with a significantly (P<001)
greater influx of neutrophils to the i.p. infection than did control

BCG infection induces peritoneal neutrophilia mice.
C57BL/6 mice were inoculated intraperitoneally with 2 x 106
CFU ofBCG Pasteur and the peritoneal exudates were collected Nude and SCID mice show a reduced accumulation of
at different time intervals during the infection. The number of neutrophils
viable bacteria decreased steadily from the start of the infection, The number of neutrophils accumulating in the peritoneal
until very low numbers were detected at 60 days post-infection cavities of BCG-infected mice was compared in euthymic and
(Fig. 1). The decrease in bacterial numbers was due mainly to athymic mice. As shown in Table 1, control and nude mice had
bacterial clearance rather than killing as judged from the comparable numbers of resident macrophage and lymphoid
colonization ofthe spleens and livers (not shown). The number cells and the number of neutrophils was low, showing no
of phagocytes in the peritoneal cavity of those mice is shown in significant differences in those populations. The influx of
Fig. 2. Macrophages predominated throughout the infection neutrophils measured after 7 and 14 days of infection with BCG
and theiraccumulation showed abiphasic response. In the first 2 was reduced in nude mice compared with euthymic animals
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10 2030 40 50 60 ~~~~~Fig. 3. Number of neutrophils per peritoneal cavity of control (U) or
Days vaccinated C57BL/6 mice (-) 14 days after the i.p. inoculation of 2 x 106

Fig. 2. Number of phagocytic cells per peritoneal cavity of C57BL/6 colony-forming units (CFU) of BCG. Mice were vaccinated by i.v.
mice inoculated intraperitoneally with 2 x 106 colony-forming units inoculation of 2 x 106 CFU of BCG 6 months prior to the study. At that
(CFU) of M. bovis BCG, during 60 days of infection. The values for time they had cleared most of the vaccination inoculum. The neutrophil
macrophages (0), neutrophils (M) and eosinophils (-) represent the counts are statistically different (P < 001).
arithmetic mean of the cell numbers of four animals per time-point.

(significant results at day 14, P<0001) and the number of
lymphoid cells increased more in control than in nude mice
(significant results at day 14, P < 0 01) (Table 1). Macrophage
numbers tended to be similar in both mouse strains (no
statistical differences were found). These results confirmed
earlier data obtained with M. avium infections [3]. In another set

of exerimnts,CID nd cntrolGB- 7 mie wer infcted Table 1. Number of macrophages, lymphocytes and neutrophils ( x 106)
in the peritoneal cavity of uninfected mice or mice infected intraperito-

intraperitoneally with 108 CFU of M. avium and the cellular neally with either 2 x 106 CFU of M. bovis BCG or with 108 CFU of M.
composition of the exudates was studied after 30 days of avium. Mice were euthymic C57BL/6 (nu/+), athymic C57BL/6 nudes
infection and compared with the cellular composition of (nu/nu), CB-17, and SCID mutants of the CB-17 background (SCID)
undisturbed peritoneal cavities. As shown in Table 1, normal or
infected SCID mice had very low numbers of lymphoid cells in
the peritoneal cavity. The number of macrophages and lym- Infection Strain Macrophages Lymphocytes Neutrophils
phoid cells was significantly lower in SCID as compared with None nu/nu 5 33 +0 82 0 75 +0 18 0.05 +004
CB-17 controls (P<0-05 in uninfected mice and P<0-01 in nu/+ 493 +079 092+023 006+008
infected mice). Flow cytometric analysis of the spleen cell BCG, day 7 nu/nu 230+0038 2-40+0031 007+0004
population was performed on each individual mouse and only in nu/+ 3 34 +074 4 08 + 1 20 0-23 +0 19
one case revealed a significant number ofThyl .2+ and sIgM + in BCG, day 14 nu/nu 4-16+ 1 69 2 71 + 1 13 0-02+0 02
a SCID mutant that was thus discarded from the study as being nu/+ 3 23 +0 57 7 07 + 1-63 0 44+0 15
of a 'leaky' phenotype (results not shown). Very few or
undetectable numbers of neutrophils were found in the perito- None CB-17 2 98±+039 2 83+ 1 18 0 02+0 01
neal cavities of uninfected animals of both strains and no SCID 191 +011 006+002 003 +001
significant differences were found. After 30 days of infection M. avium, day 30 CB-17 239+055 1 91 +0-39 1 18+065
with M. aium, neutrophils were found in considerable numbers SCID 049 +008 004 + 000 025 +006
in immunocompetent GB-17 mice but were detected in signifi-
cantly (P < 0 05) lower numbers in SCID mice (Table 1). Arithmetic mean + 1 s.d. of the cell numbers of four mice.
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4 6 15 Table 2. Number ofmacrophages, lymphocytes, and neutrophils ( x 106)
(a) (b) (c) in the peritoneal cavity of C57BL/6 mice infected for 14 days with 2 x 106

.5 ~ CFU ofM. bovis BCG. One group ofanimals was irradiated by an X-ray
3 source (7 5 Gy) 2 days before the study of the peritoneal exudate.

4 2 0 Another group of animals was similarly irradiated but treated so as to
0 maintain myelopoiesis (+ BM) either by transfusing 50 x 106 bone

0

x2 4 \ 3 marrow cells immediately after irradiation in experiment 1 or byz protecting one leg during the irradiation procedure in experiment 2
o ~~~~~2 5

Macrophages Lymphocytes Neutrophils

Control
Exp. 1 404+025 320+039 085+017

20 40 60 80 20 40 60 80 xp. 2 392+036 421+099 094+021

Time ( h) of cyclophosphamide

Fig. 4. Number of cells/ml of peripheral blood (a) and cells/peritoneal 7 5 Gy
cavity (b, c) ofC57BL/6 mice infected intraperitoneally for 14 days with Exp. 1 1 67 + 038 0 22 + 007 0-38 + 022
2 x 106 colony-forming units (CFU) ofBCG. Cyclophosphamide (3 mg) Exp. 2 1-02 + 031 1 19 + 045 0-58 +0 10
was administered intravenously to infected animals at the indicated time
intervals before peritoneal exudate harvest. (a) Number ofmononuclear 75 Gy + BM 146 + 029 Exp. 1 028 ±010 Exp. 1 049±010 Exp. 1
cells (squares) and neutrophils (circles) in the peripheral blood of 145 + 028 Exp. 2 081 ±021 Exp. 2 025 ± 008 Exp. 2
infected animals; (b) number of macrophages (open circles), lympho-
cytes (open triangles), and neutrophils (closed circles) per peritoneal
cavity of infected animals; (c) number of neutrophils per peritoneal
cavity of mice infected for 14 days with BCG and treated for 8 h with 1
ml of4% thioglycollate broth; one group of animals was given 3 mg of showed significantly reduced numbers of macrophages, lym-
cyclophosphamide 48 h before being killed (-). phocytes and neutrophils.

Anti-T cell treatments reduce neutrophil accumulation during
BCG infection ifgiven from the start of the infection

Cyclophosphamide and ionizing radiation reduce neutrophil ATS was used to cause T cell depletion. We had shown in the
accumulation previous experiment that the lysis or clearance ofthe neutrophil-
To evaluate the susceptibility of the peritoneal mechanisms recruiting cells 48 h before analysis of the peritoneal exudate led
responsible for the recruitment of neutrophils to anti-mitotic already to diminished neutrophil counts. In order to determine
treatments, the effects of cyclophosphamide or X-ray irradia- whether the T cells are involved in the direct recruitment of
tion were studied in animals infected intraperitoneally for 14 neutrophils and whether they are necessary to prime other cell
days with BCG and given the treatment up to 72 h before being types for such recruitment, BCG-infected mice were given ATS
killed. As shown by McGregor & Koster [8], cyclophosphamide according to two protocols. In the first protocol, antibodies
is able to reduce the recruitment of neutrophils, through its were given at the beginning of the infection, and in the second
effects on myelopoiesis, to peritoneal exudates induced by protocol the anti-T cell antibodies were administered 48 h prior
phlogistic agents after only 3 days ofadministration. Before that to peritoneal exudate analysis. Mice inoculated with ATS from
period oftime, post-mitotic differentiation of neutrophil precur- day 0 of infection showed a significant reduction in the numbers
sors in the bone marrow could deliver enough cells to enter acute of peritoneal neutrophils compared with mice given NGS under
inflammatory sites [8]. As shown in Fig. 4a, a single dose of a similar scheme (Table 3). In contrast, mice given ATS 48 h
cyclophosphamide was able to reduce the number of blood before being killed showed a lower reduction in neutrophil
mononuclear cells significantly if given from 6 to 72 h before influx, compared with NGS-treated controls (Table 3). Similar
killing the animal. There was no reduction in the circulating results were obtained studying M. avium infection (Table 3). The
numbers of neutrophils (Fig. 4a); at 12 h after drug administra- extent of reduction in neutrophil influx was closely linked to the
tion the number of neutrophils was significantly higher than in degree of reduction in peritoneal lymphoid cells achieved with
untreated animals (P< 0-05). Treatment with cyclophospha- the treatments. Although some of the results were not statisti-
mide induced a reduction in the numbers at day 14 of BCG cally significant, due to high variability of the results, the
infection of peritoneal macrophages and lymphocytes (signifi- reductions in neutrophil accumulation were consistent in all
cantly reduced at 24 h and after) and of neutrophils (signifi- experiments.
cantly reduced at 48 and 72 h) (Fig. 4b). Figure 4c shows that When ATS was given at different times of BCG infection, it
BCG-infected animals given cyclophosphamide 48 h before cell could be observed that only ATS given at time 0 was sufficient to
harvest were able to recruit neutrophils to the same extent as abrogate the neutrophilic response (Fig. 5a). Afterwards, ATS
infected but untreated controls after i.p. inoculation of 1 ml of induced only a partial reduction in neutrophil recruitment (Fig.
thioglycollate broth. Furthermore, BCG-infected mice that had Sa). Again, the reduction in neutrophil numbers was closely
been irradiated with 750 cGy of X-rays showed a decrease in linked to the degree of lymphocyte depletion obtained. To test
neutrophil number even if their bone marrow had been whether these latter effects were not due to an inability of the
protected during or reconstituted after the irradiation (Table 2). serum to reach the peritoneal cavity, we tested the effect of i~p.
In the two experiments, irradiated animals of both groups administration of the serum during infection. Both treatments
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Table 3. Number of neutrophils ( x 106) per peritoneal cavity of C57BL/ led to a reduction in neutrophil influx, confirming the results
6 mice infected intraperitoneally for 14 days with 106 CFU of M. bovis obtained with the intravenously infused serum (Fig. 5b).
BCG or 2 x 108 CFU of M. avium. Animals received either anti- However, the late administration of serum by i.p. (local) route
thymocyte serum (ATS) or goat non-immune serum (NGS) intra- was slightly more effective than by the i.v. (systemic) route. The
venously in the amounts of 0 3 ml (*), 0-1 ml (**), or 0 5 ml (***) per lack of significance of the reduction observed with the early
dose. Also shown are the numbers of lymphocytes in ATS-treated mice administration was associated with an increase in lymphocyte

in percentage (%) of control, NGS-treated mice numbers ratiet the ontroesc
_______________________________________________ numbers relative to the controls.

Day of serum administration
and infection ATS NGS % DISCUSSION

Days 0, 5 & 10 Here we extended previous findings regarding the M. avium-
BCG(*) 003±003t 045+031 12 induced peritoneal neutrophilia [3] by showing that another
BCG(**) 038+ 020 070+034 70 mycobacterium, M. bovis BCG, was also able to induce a
M. avium (*) 032 + 0 16t 1 66+0 31 47 persistent T cell-dependent accumulation of neutrophils in the

peritoneal cavity of infected mice. We further documented the
Day 12 involvement of T cells in M. avium-induced neutrophilia by
BCG (*) 057 +0 07 0 70 + 001 44 studying SCID mice. We showed that after the acute inflamma-
BCG (*) 050 + 0.09* 0 85 +0 20 62 tory response taking place during the first 24-48 h and
M. avium (***) 121 +0 22 1 76+0 09 100 characterized by an early recruitment of neutrophils peaking at

8 h post-inoculation, there was a second phase of neutrophil
*P= <0 01. accumulation in the peritoneal cavity of mice infected with both
tP <0 05. mycobacteria which was dependent on the presence of T cells

and enhanced by previous immunization of the challenged
I 2 (a ) animals. This chronic neutrophilic response occurred when the

.*0 - bacteria were found inside macrophages in the peritoneal cavity.
These facts suggest that neutrophils were recruited by immune

0o8 T rather than for non-specific mechanisms (e.g. complement
6 activation).

0* 6~ X T * gWe have already shown that immune T cells can attract

0*4 , neutrophils after stimulation with antigen [4-6]. Some of these

02 H1X%3 1[;r , S 4cells may be proliferating, since they showed partial sensitivity2 0.2 B tt/1X%1 AdHto cyclophosphamide [5]. When the sensitivity of the cells
.- 0.0 ozi/WX| Aim../7 V ///1 t//%+%//zresponsiblefor the recruitment of neutrophils was studied when

C Day 0 Day 4 Day 6 Day 9 Day 12 there was no depression in the circulating pool of neutrophils,
0

we found that the treatment of BCG-infected mice with
a)I*4 (b) cyclophosphamide led to a reduction in the mononuclear cells

1 m2 (of the lymphoid and the mononuclear phagocyte lineages) in
-70 the peritoneal cavity, followed by a decrease in neutrophil

0.8 T influx. Whereas lymphocytes may be sensitive to anti-mitotic
0*6 drugs when they are proliferating, macrophages are generally
0'4 .. Van considered to be resting cells. We postulate that the killing of
0 2 lymphocytes by the drug led to the stimulation of macrophage
0*0 V -/ / lr clearance from the peritoneum after phagocytosis of the dead

C _ cells. In any case, the decrease in both macrophage and
a aO, lymphocyte number was associated with a decrease in neutro-

, O. O. U) phil accumulation. This decrease in neutrophil numbers fol-
z < z < lowed a delayed course compared with the one of the mono-

Treatment nuclear cells suggesting a causal relationship between the two
Fig. 5. Number of neutrophils per peritoneal cavity of C57BL/6 mice phenomena. We hypothesize that the elimination of the perito-
infected intraperitoneally for 14 days with 2 x 106 colony-forming units neal mononuclear cells was linked to a decrease in the cells
(CFU) of BCG. (a) Mice were treated intravenously with 0 3 ml of anti- responsible for neutrophil recruitment.
thymocyte serum (ATS) at the times of infection shown and compared We have shown here that the depletion of T cells during the
with untreated infected controls (C); the number of peritoneal lymphoid entire course of the infection caused a complete abrogation in
cells was reduced relative to the controls to 36% (day 0); 42% (day 4); the chronic peritoneal neutrophilia induced by the mycobacter-
22% (day 6); 52% (day 9); and 31% (day 12) after administration of ial infection. These results mimicked those obtained in the
serum; (b) mice were treated intraperitoneally with ATS or normal goat experiments using nude and SCID mice. However, the late
serum (NGS) at either day 12 or at day 0 and compared with untreated administration of this anti-T cell treatment caused a smaller
infected controls (C); the numbers of peritoneal lymphoid cells were

42% of the control for the administration at 12 days and 150% for the reduction in the neutrophific response. In fact, when ATS was
administration at day 0. Statistical comparisons were made between administered at different time intervals during infection, the
ATS-treated versus untreated mice in (a) and between mice given ATS most effective administration was the one taking place at time 0
and mice given NGS in (b): *P<0.05; and tP<0 01. of infection. From that time-point onwards, neutrophil counts
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increased. These experiments suggest that T cells are essential
for neutrophil recruitment. However, since the late depletion of
T cells had a smaller effect on the recruitment of neutrophils, we
conclude that the T cells are both directly involved in the
recruitment of neutrophils and in the early priming of another
cell type for the recruitment of neutrophils.

The treatment with cyclophosphamide differed in an impor-
tant aspect from the treatment with ATS. Cyclophosphamide
was able to promote a more pronounced depletion of neutro-
phils than ATS, when given 2 days before the analysis of the
exudate. This could be explained by the observation that
cyclophosphamide induced the disappearance of macrophages
in addition to that oflymphocytes thus strengthening the notion
that primed macrophages are also partly involved in the
recruitment of neutrophils.

The role played by the neutrophils found during the chronic
stages of mycobacterial infection is still not clear, since they are
not engaged in phagocytosis. We have postulated that neutro-
phil molecules may enhance the anti-mycobacterial activity of
macrophages after their uptake by these latter phagocytes [2].
We showed that neutrophil lysates could enhance in vitro the
anti-mycobacterial activity of peritoneal macrophages infected
with M. microti and M. avium [2]. Others have postulated
different roles for neutrophils during infections by intracellular
parasites, such as dissolution of listeria-infected hepatocytes [9]
and phagocytosis of mycobacteria following their release from
macrophages lysed by cytotoxic T lymphocytes [10].

Our results show that the chronic accumulation of neutro-
phils in the peritoneal cavity of mice infected with mycobacteria
is dependent on T cells, strengthening the developing notion
that T cells regulate neutrophil chemotaxis and function [11-
17]. We postulate that T cells may directly attract neutrophils
and that they also act by priming other cell types such as the
macrophage to exhibit an enhanced ability to recruit neutro-
phils via the secretion of neutrophil chemotactic molecules.
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