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Depletion of CD8 " cells abolishes memory in acquired immunity against Chlamydia
pneumoniae in BALB/c mice
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SUMMARY

The importance of T cells in Chlamydia pneumoniae infection in mice was assessed by comparing
wild-type BALB/c mice with nude mice and mice depleted in vivo of either CD4™ or CD8" T cells.
Whereas wild-type mice cleared the primary infection in 3 weeks, nude mice were only able to
restrict the infection and could not clear it during the observation period of 56 days. Nude mice
exhibited a greater number of macrophages in their lungs and the pulmonary cells secreted a
higher level of tumour necrosis factor-o (TNF-o)) than wild-type mice. Depletion of CD4* cells
did not change the overall infection kinetics of the primary infection. However, depletion of
CD8™ cells resulted in a slightly impaired clearance of the bacteria in the late stages of primary
infection. To assess the role of the two T-cell subsets in the acquired immunity that develops
during primary infection in wild-type BALB/c mice, in vivo depletions were performed during
reinfection. Prior to reinfection, immunocompetent wild-type mice were infected and natural
immunity was allowed to form. During reinfection, depletion of CD4" cells did not have any
effect on infection kinetics, whereas depletion of CD8™ cells abolished the protection, reverting
the infection kinetics and bacterial load to the same levels found in wild-type mice during primary
infection. These results show that T cells are necessary for clearing C. pneumoniae infection in
mice. Furthermore, whereas neither of the two main T-cell subsets, separately, were essential for
clearance of primary infection, the induced protective immunity was strongly CD8 dependent.

INTRODUCTION

Chlamydia pneumoniae infection is common among the adult
population with a seroprevalence of over 50% in many indus-
trialized countries.! The symptoms of an acute C. pneumoniae
infection are often mild, but the accumulating evidence of the
association between C. pneumoniae and coronary heart dis-
ease,” a leading cause of mortality in developed countries, has
enhanced its significance as a human pathogen. Immune
mechanisms that occur during infection with C. preumoniae
are believed to escalate inflammation in the arteries, thus
increasing the risk of myocardial infarction.?

As intracellular bacteria, chlamydiae pose an extra chal-
lenge for the defence mechanisms of the host. In addition to
the neutralizing activity of antibodies, cell-mediated immune
responses are decisive, at least in mice.® In C. trachomatis
infection models, both CD4* and CD8™ cells have been shown
to confer protection, although the former are considered
of major importance.>® However, in C. psittaci infection,
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CDS8" (Lyt-2*) rather than CD4* (L3T4%) cells have been
reported to confer protection in mice.’

Very little is known of the immunobiology of C. pneumoniae
infection and because the overall DNA homology between C.
pneumoniae and C. trachomatis or C. psittaci is less than 5 or
10%, respectively,'© the parameters of infection identified with
the latter two cannot be directly extrapolated to C. pneumoniae.
Thus, even though these pathogens belong to the same genus
and share many biological features, a different set of epitopes
is probably presented to the immune system. However, a
recently developed C. pneumoniae mouse model seems promis-
ing for studying the infection in more detail: it resembles
human infection in several aspects including respiratory route
of challenge, self-restricted infection and mild symptoms.!!+12
Using this model we have shown that such a mild C. pneumon-
iae infection in BALB/c mice induces protective immunity to
reinfection, manifested as a reduced number of cultivable
bacteria, more severe lymphoid reaction and a stronger T
helper 1 (Thl)-type local immune response in the lungs.'?

In this study our first aim was to clarify the importance of
T cells in protection against C. pneumoniae infection in mice.
For this purpose we infected thymusless nude mice and com-
pared their infection kinetics with those of immunocompetent
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mice. In the second part of the study we used an in vivo
depletion technique of different T cells to determine more
precisely the role of CD4% and CD8* Tecells in primary
infection or in acquired immunity (reinfection). Our results
show that, consistent with C. trachomatis and C. psittaci
infections, T cells are essential for clearing C. pneumoniae
infection in mice. However, in contrast to C. trachomatis
infection models, the protective role of CD8* cells was domi-
nant over that of CD4* cells and this was accentuated,
particularly in acquired immunity.

MATERIALS AND METHODS

Mice

Inbred female BALB/c mice were obtained from the
Laboratory Animal Centre, University of Helsinki (Helsinki,
Finland), and the thymusless nu/nu mice on a BALB/c back-
ground were obtained from Bomholtgird Breeding and
Research Centre Ltd (Ry, Denmark). The mice were given
food and water ad libitum and they were housed in ventilated
containers (Scantainer, Scanbur A/S, Kege, Denmark). This
study was approved by the Institutional Animal Care and Use
Committee that acts under the provincial board.

Chlamydia

C. pneumoniae isotype Kajaani 6'* was obtained from P.
Saikku (National Public Health Institute, Oulu, Finland). It
was propagated and purified as described in reference 13. For
in vitro assays the organism was inactivated with formalin and
protein concentration was determined by the bicinchoninic
acid (BCA) protein assay (Pierce, Rockford, IL) (1 pg corre-
sponds to = 10° inclusion-forming units, IFUs).

Experimental infection

The mice were challenged with intranasal inoculation of
10°-107 IFU of C. pneumoniae, in 40 pl of sucrose—phos-
phate—glutamate (SPG), under light carbon dioxide anaes-
thesia.'! During reinfection, the same dose was given using
the same procedure, 36-55 days after the primary challenge.

Depletion of lymphocytes

The 6-8-week-old mice were depleted of a specific lymphocyte
subset by 0-5 mg/dose of anti-CD8 (clone YTS 169, a kind
gift from Dr R. L. Coffman, DNAX Research Institute, Palo
Alto, CA) or anti-CD4 (clone GK 1-5, DNAX Research
Institute) monoclonal antibodies (mAbs) that had been pro-
duced in serum-free media (by DiaBor Ltd, Oulu, Finland).
The antibodies were injected intraperitoneally (i.p.) 1 day
before challenge and every 3 to 4 days thereafter. In depletion
studies during reinfection, the primary infection was given to
immunocompetent mice and the first dose of specific antibodies
was given 1 day before rechallenge and every 3 to 4 days
thereafter. The success of depletion was monitored by flow
cytometric analysis, either in lungs or blood. In wild-type mice
the range of CD8* and CD4™ cells, as a proportion of all
lymphocytes, was 4-1-17% and 22-39%, respectively. In
CD8-depleted mice the range of CD8* cells as a proportion
of all lymphocytes was 0—1:6% and in CD4-depleted mice the
range of CD4" cells as a proportion of all lymphocytes was
3:0-3-2%. Thus, the mean depletion efficiency was 86% and
89% with YTS 169 and GK 1-5 antibodies, respectively.
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Culture of C. pneumoniae from the lungs

At predetermined days after challenge, between two and 10
mice were killed using carbon dioxide and the lungs were
dissected and mechanically homogenized. In some sets of
experiments the bronchoalveolar lavage (BAL) fluid was
obtained before dissecting the lungs. In these experiments the
culture results of lung supernatants and BAL fluids were
combined. The lung supernatants and the BAL fluids were
cultured in several dilutions on Vero cell monolayers using
centrifugation and cycloheximide.'® After 48-72 hr of incu-
bation, the cells were fixed with methanol (Riedel-de Haen,
Sleeze, Germany) and stained with fluorescein isothiocyanate
(FITC)-conjugated Chlamydia-specific antibodies (Kallestad,
Chaska, MN). Intracellular inclusions were counted using UV
microscopy. Results are expressed as the mean of logarithmic
values of IFUs per lung. After the dilution factors were taken
into account, one inclusion seen by microscopy corresponded
to a logarithmic value of 1-3 IFU/lung (=detection limit). If
no inclusions were detected, an arbitrary value of one-half of
log,, was used for calculating means and for statistical analysis.

Isolation of pulmonary mononuclear cells

Pulmonary cells were isolated from mechanically homogenized
pooled lungs after red-cell lysis, as described in reference 15.
Mononuclear cells were counted under light microscopy
and the cells were suspended into complete growth media
containing: RPMI-1640 (Sigma, St Louis, MD), 10% fetal calf
serum (FCS), 10 mm HEPES (Sigma), 0-3 mg/ml L-glutamine
(Gibco BRL, Life Technologies Ltd, Paisley, Strathclyde,
UK), 10 U/ml penicillin (Sigma), 10 pg/ml streptomycin
(Sigma) and 50 um 2-mercaptoethanol (Sigma).

Flow cytometric analysis

Freshly isolated pulmonary mononuclear cells (0-4 x 10° for
each test) were stained with 5 pl of each antibody: phycoer-
ythrin (PE)-conjugated rat IgG2b (for controlling non-specific
binding) (Caltag, South San Francisco, CA), anti-CD4 (YTS
191-1, Caltag), FITC-conjugated anti-CD8 (a-chain specific,
CT-CD8a, Caltag) and anti-Mac-1 (CDI11b) (M1/70-15,
Caltag). After a 30-min incubation, the cells were washed with
phosphate-buffered saline (PBS) and fixed with 1% paraform-
aldehyde (Sigma). Unstained cells were used for adjustment
of the fluorescence-activated cell sorter (FACScan; Becton-
Dickinson, San Jose, CA); gating of lymphocytes was per-
formed by size. Data were typically collected from 10000
gated events.

Lymphoproliferation assay

The proliferative response of isolated mononuclear cells to
1 pg/ml formalin-inactivated C. pneumoniae was measured
by incorporation of 1 pCi/well [*H]thymidine (Amersham,
Aylesbury, Bucks, UK) over the last 16-20 hr of a 2-day
culture period at +37° in an atmosphere of 5% CO,, as
described previously.'® Control wells received medium alone
(background control) or 5 pg/ml concanavalin A (Con A)
(positive control). The proliferation index was calculated as
follows:

(C. pneumoniae-induced proliferation
—background proliferation)
~+ background proliferation
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Cytokine EIA
Freshly isolated pulmonary mononuclear cells were plated in
24-well plates (Grainer, Frickenhausen, Germany) at 2 x 10°
cells per well. Formalin-inactivated C. pneumoniae was added
at 1 pg/ml and the final volume was adjusted to 1 ml with
complete growth media. Control wells received medium alone
(background control) or 5 pg/ml Con A (positive control).
The cells were incubated at +37° in an atmosphere of 5%
CO, for 72 hr, after which the supernatants were collected,
frozen and later analysed for interferon-y (IFN-y),
interleukin-10 (IL-10) and tumour necrosis factor-o. (TNF-a)
using enzyme-linked immunosorbent assay (ELISA).
Detection of IFN-y and IL-10 was performed as described
in reference 15 and detection of TNF-a was performed using
a commercial mouse TNF-o DuoSet (Genzyme, Cambridge,
MA), according to the manufacturer’s instructions. The sensi-
tivity of the cytokine ELISAs were, in our hands, typically
0-5 ng/ml for IFN-y, 0-2 ng/ml for IL-10 and 0-2 ng/ml for
TNF-a. The results are shown as C. pneumoniae-induced
cytokine production subtracted from the background
production.

Statistical analysis
Statistical significances were evaluated by the non-parametric
Mann-Whitney U-test.

RESULTS
C. pneumoniae infection kinetics in nude mice

While wild-type BALB/c mice cleared the C. pneumoniae
infection in ~3 weeks (Fig. 1; also see reference 13), intranasal
challenge of athymic, T-cell deficient, nude mice resulted in a
significantly prolonged infection in the lungs, with no sign of

elimination of the bacteria during the observation period of
56 days (Fig. 1). The nude mice did, however, control the
infection by limiting the numbers of IFU to a ‘steady-state’
level of 10°~10* IFU/lung starting ~2 weeks after challenge.

Additional challenge was given to some of the nude mice
35 days after primary challenge, and the mice were followed-
up further, up to 37 days. There was no significant increase
or decrease in the number of IFUs, which continued to remain
at the same ‘steady-state’ level as seen during primary infection.
Of all 151-infected nude mice, challenged once or twice, four
died during the C. pneumoniae infection experiments (at day 37
after primary challenge), whereas none of the 244-infected
wild-type BALB/c mice died.

Effect of in vivo depletion of CD4" or CD8* cells on
C. pneumoniae infection Kinetics

In vivo depletion of CD4" or CD8" cells was performed by
i.p. injection of 0-5mg mAbs, 1 day prior to challenge or
rechallenge of C. pneumoniae and every 3 or 4 days thereafter.
In reinfection experiments, the primary challenge was given to
immunocompetent mice.

Depletion of CD4" cells did not impair clearance of the
primary infection. In fact, at days 9-12 after infection, the
number of bacteria in the lungs of the CD4-depleted mice was
decreased compared with the number of bacteria in lungs of
wild-type mice at the same time-point (P <0-01). In contrast,
depletion of CD8™ cells resulted in elevated numbers of IFU
in the lungs compared with wild-type mice at several time-
points; the difference was statistically significant on days 15-18
(P<0-01) after primary infection. Nevertheless, both the CD4-
and the CDS§-depleted mice eliminated the primary infection
by days 25-27, similar to the wild-type mice (Fig. 2).
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Figure 1. Chlamydia pneumoniae was cultured from the supernatants of homogenized lung samples of wild-type BALB/c mice and
athymic nude mice after primary challenge with 10°~107 inclusion-forming units (IFUs) of C. pneumoniae given intranasally in a
volume of 40 ul. Data represents the mean logarithmic values obtained from individual mice. Fifteen to 33 wild-type mice and
17-30 nude mice were used per time-point. The arrow shows the detection limit of the culture assay: 1-3 IFU/lung. *Statistically
significant difference between nude and wild-type mice (P=0-001, P=0-001, P<0-01, P<0-001) as determined by the Mann—

Whitney U-test.
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Figure 2. The numbers of cultured Chlamydia pneumoniae inclusion-forming units (IFUs) from the lungs of wild-type and in vivo
CD8- or CD4-depleted BALB/c mice during primary infection and reinfection. Data represents the mean logarithmic values
obtained from individual mice. The data for wild-type mice are the same as detailed in the legend to Figure 1. Numbers of mice
used in the depletion experiments are shown in boxes inside the bars. The detection limit of the culture assay, 1-:3 IFU/lung, is
shown by an arrow. *Statistically significant difference compared with wild-type mice (P <0-:01, P<0-01 after primary challenge
and P=0-001, P<0-001, P<0-05 after rechallenge). ND, not determined.

The effect of CD4 depletion on reinfection was assessed
on days 6-7 and 12 after rechallenge. The protective immunity
seen in the wild-type mice was not impaired by CD4 depletion.
By contrast, depletion of CD8" cells had a profound effect on
the kinetics of reinfection. The number of culturable bacteria
on each of the assay days from days 619 was significantly
elevated when compared with reinfection of wild-type mice
(P=0-001, P<0-001 and P <0-05) (Fig. 2). Indeed, the pattern
and kinetics of reinfection in the CD8-depleted mice were
similar to those seen in the wild-type mice during primary
infection.

Characterization of lung-derived cells in nude, CD8-depleted
and wild-type mice

Pulmonary mononuclear cells isolated during primary infection
from nude, CD8-depleted and wild-type mice, were restimu-
lated in vitro with inactivated C. pneumoniae, and their response
was evaluated by analysing proliferation and cytokine secretion
(TNF-a, IFN-y and IL-10). Culture media alone or stimula-
tion with a T-cell mitogen, Con A, were used as background
and positive controls, respectively. In addition, the proportion
of macrophages was determined by flow cytometry.

The nude mice exhibited elevated proportions of macro-
phages (Mac-1" cells represented a mean of 20%, relative to
all cells, on days 6-25 after primary challenge) in the lungs,
compared with the wild-type mice (mean 11%, on days 6-25
after primary challenge), and the cells isolated from nude mice
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secreted higher levels of TNF-a and IL-10 than wild-type mice
(P<0-05 in both cases, calculated from pooled data from
all time-points) (Fig. 3b,3d). However, no IFN-y secretion
(Fig. 3c) or proliferation (Fig. 3a) was detected in cells from
nude mice, in response to in vitro stimulation. In contrast, in
the cells from CD8-depleted mice, the proliferative response
was elevated compared with cells from wild-type mice
(Fig. 3a), and when stimulated with C. pneumoniae they
secreted elevated levels of all three cytokines compared with
wild-type mice (TNF-a, P<0-05; IFN-y, P<0-01, IL-10, not
statistically significant) (Fig. 3b,3c,3d).

DISCUSSION

Protective immunity against a wide range of intracellular
bacteria is mostly dependent on the activation of T-cell-
mediated immune defence mechanisms.!® A first conclusion
from our data was that the clearance of C. preumoniae from
the lungs of BALB/c mice was T-cell dependent. As we show
here, C. pneumoniae infection of athymic nude mice resulted
in persistent infection that was not cleared from the lungs,
although was controlled at a certain level of culturable bacteria.
In addition to the impaired cellular immunity, the nude mice
exhibited poor antibody responses without T-cell help (data
not shown). Antibodies are not, however, likely to have a
major role in the clearance of C. pneumoniae infection because
passively transferred convalescent serum of outbred NIH/S
mice (i.p., 3x 100 pul on 9-10-day intervals) did not confer
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Figure 3. Induction of (a) proliferation and (b) secretion of tumour
necrosis factor-o. (TNF-a), (c) interferon-y (IFN-y) and (d)
interleukin-10 (IL-10) by pulmonary cells, isolated on the indicated
days after primary Chlamydia pneumoniae infection from wild-type,
CD8-depleted and nude mice, in response to in vitro stimulation with
inactivated C. pneumoniae. In the late stage of infection (days 18-33),
data from typically two different time-points are combined. In panel
(d) the scale is one-tenth that of panels (b) and (c). The proliferation
index was calculated as described in the Materials and methods.
Cytokine secretion results are expressed as C. pneumoniae-induced
cytokine secretion after subtraction of the background secretion. BD,
below the detection limit; ND, not determined.

protection in nude or BALB/c mice, as assessed on days 6 and
25 after infection (our unpublished data). The lungs of the
nude mice exhibited higher proportions of macrophages and
increased secretion of TNF-o by pulmonary mononuclear cells
than seen in the wild-type mice, suggesting that these were the
mechanisms by which nude mice controlled the infection. The
importance of TNF-o has been established in many studies
of other intracellular infections,!”!® including C. trachomatis
mouse pneumonitis’® and genital tract infection caused by
C. trachomatis.*®

The second aim of this study was identification of the
decisive T-cell class in protection against C. preumoniae. The
results from depleted mice showed that during the primary C.
pneumoniae infection other defence mechanisms were able to
compensate for the lack of CD4*% and CD8" T cells. While
absence of all T cells, as in nude mice, resulted in persistent
infection, the overall clearance kinetics of primary C. pneumon-
iae infection were not dependent on the presence of either
CD4* or CD8" cells alone. The depleted mice cleared the
infection as fast and as completely as the wild-type mice.
However, small differences were seen between days 7 and 25
and indicated contrasting effects of CD4* and CD8™ cells on
the bacterial load in the lungs: CDS8-depleted mice were less
efficient than wild-type mice in controlling the level of IFUs,
whereas CD4 depletion appeared to enhance bacterial
clearance.

Acquired immunity, studied here as responses to rechal-
lenge, is of particular importance in chlamydial infections in
which repeated infections are typically associated with more
severe disease.>! In vivo depletion is an effective method for
studying acquired immunity because natural immunity is
allowed to form in immunocompetent mice during primary
infection, and different cell types can be depleted specifically
during reinfection. Therefore, the second conclusion from the
data was most interesting: acquired immunity was strongly
CDS8 dependent. After rechallenge, the CDS§-depleted mice had
a worse course of infection, and indeed behaved like the
immunocompetent mice during primary infection, both in
respect to the number of IFUs cultured from the lungs and
the kinetics of the infection. Depletion of CD4* cells had no
effect on reinfection. However, the role of CD4* cells in the
development of CD8* memory cells remains to be established,
e.g. by studies in which CD4* cells are depleted during primary
infection and acquired immunity is evaluated after secondary
challenge.

While the cells isolated from lungs of wild-type mice during
primary infection did not respond to in vitro stimulation with
inactivated C. pneumoniae (results reported here and in refer-
ence 13), depletion of CD8" cells resulted in an increase of
both proliferation and secretion of IFN-y. As the cells from
wild-type mice were, however, responsive to treatment with a
T-cell mitogen, Con A, it seems that the presence of CD8*
cells inhibited these functions. This initial CD8 " cell-mediated
inhibition may be especially pronounced in BALB/c mice
because it has not been demonstrated in outbred NIH/S (our
unpublished data) or C57BL/6 mice.??> Furthermore, in the
BALB/c mice this inhibition of both proliferation and secretion
of IFN-y, which was detected during primary infection, was
undetectable during reinfection.'® An increased secretion of
TNF-a was also observed in CD8-depleted mice, although a
low level of secretion was detected also in the wild-type mice.
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Similarly to the thymusless mice, the increased production of
TNF-a in CD8-depleted mice may have been a compensatory
mechanism involved in controlling the infection.

The protective effect of the CD8™ cells during reinfection
may have been mediated by direct cytotoxicity. Cytotoxic cells
have an important role in protection against intracellular
infection by bacteria that can resist, or even profit from,
IFN-y-mediated bactericidal functions of macrophages.?®> The
necessity of cytotoxic functions in chlamydial infection is not
clear. Development of Chlamydia-specific cytotoxic T cells
during C. trachomatis infection has been demonstrated?425-27
but no studies demonstrating cytotoxic T-lymphocyte activity
during C. pneumoniae infection have been published. Also,
production of cytokines, alone or combined with cytotoxic
activity, may be a relevant part of protection mediated by
CD8* T cells. In addition to CD4" T cells, CD8" T cells can
be subdivided into type 1 or 2, according to the cytokines they
secrete.?® Furthermore, in the C. trachomatis model the protec-
tive effect of cytotoxic T lymphocytes has recently been
reported to be dependent on IFN-y production.?’

Given the commonness of C. pneumoniae infection in
humans and the accumulating evidence of its association with
coronary heart disease, a detailed understanding of the
relationship between immunological responses and protection
is of paramount importance, for example for the design and
development of antichlamydial vaccines. In this study, we
show that T cells are essential for clearing C. prneumoniae
infection. During primary infection, multiple mechanisms (e.g.
innate immunity) overlapped and were equally effective in
protection, whereas in acquired immunity CD8-mediated func-
tions were clearly dominant.
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