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Infections caused by Streptococcus pneumoniae are major causes of morbidity and mortality, which are in part
mediated by immune cell-dependent mechanisms. Yet, the specific contributions of individual cell types to
immunopathology are only partially understood. T cells are well characterized with respect to their function in
protective humoral immune responses; however, their roles during early stages of infection and invasive
pneumococcal disease (IPD) are less well defined. Using a mouse model of pneumococcal sepsis, we found that
CD4™ T cells were recruited to the lung as early as 12 h after intranasal infection. Recruitment was accom-
panied by upregulation of CD69 and B7-H1, reflecting T-cell activation. Unexpectedly, major histocompati-
bility complex (MHC) class II-deficient mice, which lack CD4* T cells, displayed an increased survival despite
comparable bacterial titers in the blood, spleen, and lung. The higher survival correlated with a lower cytokine
and chemokine response upon S. pneumoniae challenge in MHC class II-deficient mice, suggesting that
inflammation may contribute to the mortality of IPD. Comparable to the case for MHC class II-deficient mice,
antibody-mediated depletion of CD4™ T cells and drug-induced inhibition of T-cell function with cyclosporine,
or interference with T-cell activation using CTLA4-immunoglobulin (Abatacept), led to significant increases in
survival during IPD. Our results reveal an important and adverse role of CD4™ T cells in the pathogenesis of
IPD and suggest that modulation of T-cell activation during early phases of S. pneumoniae invasive infection

may provide a therapeutic option.

Streptococcus pneumoniae is responsible for significant mor-
bidity and mortality worldwide (11, 32). Following its acquisi-
tion, S. pneumoniae colonizes the human nasopharynx, where
it can persist asymptomatically for weeks to months before it is
cleared (2, 17, 29). From this niche, pneumococci can translo-
cate to the lungs, causing pneumonia, and can disseminate
further and cause invasive pneumococcal diseases (IPD) such
as sepsis and meningitis (27, 31, 32, 39). Despite the availability
of effective vaccines and antimicrobial treatment, the mortality
from IPD still remains high.

While the introduction of the seven-valent pneumococcal
conjugate vaccine led to an initial decline in IPD (7, 41, 49), an
increase in IPD related to nonvaccine pneumococcal strains in
recent years has been reported (21, 26). In addition, a growing
number of S. pneumoniae isolates with resistance to high con-
centrations of penicillin or multiple classes of antimicrobials
has emerged (10, 36). There is increasing evidence that the
inflammation induced by the bacteria significantly contributes
to the high mortality seen with pneumococcal bacteremia and
pneumonia (4, 12). In accordance with this observation, the
case-fatality rate of IPD remains high, despite the general
availability of antimicrobials (24, 34).

The pathology of pneumococcal infection is characterized by
an intense inflammatory response, which is thought to be me-
diated by cells of the innate immune system, such as macro-
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phages, monocytes, and neutrophils. These cells play a pivotal
role in the pathogenesis, either through direct mechanisms
such as phagocytosis or through the release of pro- and anti-
inflammatory cytokines, including tumor necrosis factor alpha
(TNF-o), interleukin-1 (IL-1), IL-6, IL-12, IL-8, and IL-10
(reviewed in references 1, 9, and 14). Although it has been
shown that CD4™ T cells also are recruited to the infected
areas of the lung at an early stage of infection (19), their
functional significance has overall been considered to be lim-
ited to orchestrating the later emerging adaptive immune re-
sponse. Accordingly, CD4™" T cells were found to be critical for
antibody-mediated protection against IPD elicited by mucosal
immunization with pneumococcal proteins (8) and are re-
quired for immunity to bacterial carriage from mucosal vac-
cination with live pneumococci or pneumococcal proteins
(3, 43).

As opposed to the clear function of CD4™" T cells in the
orchestration of the adaptive immune response, information
on a possible role of these cells during early phases of infection
is very limited. It was shown that major histocompatibility
complex (MHC) class II-deficient mice, which are devoid of
CD4™" T cells, exhibit elevated bacterial counts in the lung and
blood upon intranasal infection (19), yet no consequences for
the clinical outcome were reported.

To further explore the contribution of CD4* T cells to
disease pathology in early IPD, we investigated disease pro-
gression in MHC class II-deficient mice in a mouse model of
pneumococcal sepsis. We studied T-cell recruitment and acti-
vation as well as bacterial titers and inflammatory markers
upon infection in the absence and presence of CD4" T cells.
Unexpectedly, our data indicate that CD4" T cells play an
adverse role during early phases of infection, which correlates
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with a specific inflammatory cytokine profile. Accordingly,
therapeutic approaches using inhibitors of T-cell function, i.e.,
cyclosporine A (CsA) and Abatacept, produced beneficial ef-
fects on survival during IPD.

MATERIALS AND METHODS

Bacterial strains. S. pneumoniae was routinely grown on tryptic soy agar
(Difco Laboratories, Detroit, MI) plates supplemented with 3% sheep blood or
in defined semisynthetic casein liquid medium supplemented with 0.5% yeast
extract (33) and was incubated at 37°C with 5% CO,. The following bacterial
strains were used: S. pneumoniae serotype 2 strain D39 and D39 Xen7 (D39X),
a stable bioluminescent derivative of strain D39 (14, 31).

Mice and infections. C57BL/6J, transgenic B6;129S2-H241401Ea/7 (MHC class
II-deficient), and B6.SJL-Ptprc® Pep3°/BoyJ mice were purchased from the Jack-
son Laboratory. B6;129S2-H24A4P1-Eay (MHC class II-deficient) and B6.SJL-
Ptprc*Pep3®/Boy) mice were subsequently bred in our facility. Transgenic
B6.129S2-H2APmIGr (MHC class T1-deficient) mice were purchased from Tac-
onic Farms. All animal studies were conducted under protocols approved by the
St. Jude Children’s Research Hospital Committee on Use and Care of Animals.
Unless stated otherwise, mice used in pneumococcal infection experiments were
5- to 6-week-old males. Intraperitoneal (i.p.) infections were performed by in-
jecting 2 X 10° D39X organisms suspended in 100 .l phosphate-buffered saline
(PBS). For intranasal (i.n.) infections, mice were lightly anesthetized with isoflu-
rane and bacteria were delivered to the nares in a total volume of 30 pl. Mice
were suspended vertically until they regained consciousness. The dose was con-
firmed by serial dilution of the inocula. For survival experiments, mice were
monitored for a moribund state every 12 h until the termination of the experi-
ment. For experiments requiring organ harvesting, mice were sacrificed by car-
bon dioxide asphyxiation at the specified time points after infection.

CD4* antibody depletion. C57BL/6J mice were i.p. injected with 100 pg of
functional-grade anti-CD4 monoclonal antibody (MAD) (clone GK1.5) or 100 p.g
of rat IgG2b (isotype control) (eBioscience) in 100 .l sterile PBS at 5 and 2 days
prior to bacterial challenge. The depletion of CD4™ T cells was near complete
(>98%) as determined by flow cytometry (data not shown).

Cyclosporine and Abatacept treatments. Mice were injected i.p. with 40 mg/kg
body weight cyclosporine (Sigma-Aldrich) in 100 I sterile olive oil (Sigma-
Aldrich) or with 30 mg/kg body weight Abatacept (Bristol-Myers Squibb) (5, 48)
in 100 wl PBS. Cyclosporine and Abatacept were reconstituted in the vehicle
solution directly before administration. Cyclosporine and the olive oil vehicle
control were sonicated for 15 min in the dark following reconstitution.

BAL. Cell numbers in the bronchoalveolar lavage (BAL) fluid were enumer-
ated and cytospun onto microscope slides. Cells were fixed and stained with
Giemsa stain (Sigma-Aldrich). Differential cell counts of 300 cells/slide were
performed.

Adoptive transfer. CD4 " T cells were isolated from the spleens of B6/SJL mice
by negative selection and then further purified by positive selection with anti-
CD4 beads (Miltenyi Biotec). A total of 3.5 X 10° CD4™ T cells were injected
into the tail veins of gender-matched C57BL/6J or MHC class II-deficient mice
in 100 pl PBS. Mice were challenged with pneumococci at 6 h after adoptive
transfer. Donor cells were identified by staining with a MAb against CD45.1
(eBioscience).

Cytokine analysis. Immediately following sacrifice, blood was collected from
the hearts of mice. An aliquot of serum was diluted in PBS, and the CFU/ml was
determined by plating on blood agar plates. Cytokine levels in the sera were
analyzed using Milliplex MAP 32-plex mouse cytokine/chemokine premixed kits
(Millipore).

Flow cytometry. Single-cell suspensions from PBS-perfused lungs and spleens
were prepared by DNase/collagenase digestion (with 1 mg/ml collagenase type 2
[Worthington] and 20 wg/ml type 1 DNase [Sigma-Aldrich] for 20 min at 37°C)
and by passing the cells through a 40-pm cell strainer. Red blood cells were lysed
using ACK lysis buffer (Lonza). Cells were blocked with anti-mouse CD16/CD32
(BD) and stained for surface CD4, CD11c, CD69, B7-H1, CD28, CD25, and
ICOS-1 (eBioscience). Flow cytometry data were acquired on a BD FACS-
Calibur flow cytometer and analyzed using FlowJo software (Tree Star).

Q-PCR. Total RNA was isolated from spleens using Trizol (Sigma-Aldrich).
The RNA was reverse transcribed to cDNA using the Superscript III first-strand
c¢DNA synthesis kit (Invitrogen). Quantitative real-time PCR (Q-PCR) was per-
formed on an AB 7300 real-time PCR machine (Applied Biosystems) using a
SYBR green PCR Master Mix (Applied Biosystems) according to the manufac-
turer’s instructions. For control reactions, nucleic acid-free water was added
instead of cDNA. The following primer sequences were used: CPH sense, 5'-
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ATG GTC AAC CCC ACC GTG T; CPH antisense, 5'-TTC TTG CTG TCT
TGG AAC TTT GTC; mIL-10 sense, 5'-TGC CTG CTC TTA CTG ACT
GG-3’; mIL-10 antisense, 5'-ACC TAG GAG CAT GTG GCT CTG G-3';
mIL-12p40 sense, 5'-AAA CCA GAC CCG CCC AAG AAC-3"; mIL-12p40
antisense, 5'-AAA AAG CCA ACC AAG CAG AAG ACA G-3'; mIFN-y sense,
5'-CAT TCA GAG CTG CAG TGA CC-3'; and mIFN-y antisense, 5'-CAC
ATT CGA GTG CTG TCT GG-3'. PCR was performed at 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.

Statistical analysis. For survival studies, the results from two or three inde-
pendent experiments were pooled prior to statistical analysis. The statistical
significance of survival duration observed for different mouse groups was ana-
lyzed using the log rank test (SAS 9.2). The Fisher exact test was used to
determine the significance of differences in overall mortality. Numbers of bac-
teria in the organs were compared between groups using the Mann-Whitney test.
Cell numbers in the BAL fluid and lungs were compared using the Mann-
Whitney test. P values of 0.05 or less were considered significant. The Fisher
exact test and Mann-Whitney test were performed using Prism version 5.03
(GraphPad Software).

RESULTS

CD4™ T cells are rapidly recruited to the lung and activated
upon S. pneumoniae infection in vivo. To study the contribution
of CD4™" T cells to the pathogenesis of IPD, we first deter-
mined the time course of T-cell recruitment to the lung and
their activation phenotype during infection. To this end we
intranasally infected C57BL/6J mice with 1 X 10° D39X or-
ganisms. Infection progressed to moderate/high bacteremia by
48 h postchallenge, which was the earliest time point at which
death was observed in this model (data not shown). Mice were
sacrificed at 6, 12, 24, and 48 h after infection, and the number
of CD4™ T cells in the lung and the activation of CD4™ T cells
were assessed by flow cytometry analysis. After a slight de-
crease in CD4™ T-cell numbers during the first 6 h, CD4™"
T-cell numbers steadily increased until 24 h postinfection, fol-
lowed by a decrease to below the initial cell numbers after 48 h
(Fig. 1A). The pattern of CD4" T-cell numbers inversely cor-
related with the bacterial counts in the lung (Fig. 1A). 48 h
after infection, CD4™ T cells exhibited a significant upregula-
tion of the activation markers CD69 and B7-H1 in the lung and
in the spleen. Notably, expression levels of other activation
markers, such as CD25, CD28, and ICOS, remained un-
changed (Fig. 1C). Interestingly, adoptive transfer of wild-type
(WT) CD4™" T cells into either WT or MHC class II-deficient
mice led to comparable CD69 upregulation upon pneumococci
infection, demonstrating that T-cell activation was indepen-
dent of MHC class II-T-cell receptor (TCR) interaction.

In the D39X intranasal infection model used, animals com-
monly develop pneumonia prior to becoming septic (31). Since
there is significant recruitment of immune cells to the lungs, we
next determined if pneumonia was required for lymphocyte
activation in the spleen. In order to circumvent the lung, we
challenged mice with 2 X 10° D39X organisms intraperitone-
ally (i.p.) and determined the expression of CD69 and B7-H1
at 3, 6, and 12 h after infection. As shown in Fig. 1E, similar to
the case for the intranasal infection route, CD4" T cells ex-
hibited an upregulation of CD69 and B7-H1 upon i.p. infec-
tion. Taken together, these data show that CD4™ T cells are
recruited to the lung and are activated upon infection. Activa-
tion of CD4" T cells, however, does not require a primary
infection of the lung but seems to be a consequence of bacte-
remia during pneumococcal infection.
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FIG. 1. Recruitment and activation of CD4" T cells upon S. pneumoniae infection in vivo. (A to C) C57BL/6]J mice were i.n. infected with 1 X
10° CFU D39X and sacrificed at different time points. (A) The number of CD4™ T cells in collagenase-treated lungs was determined by cell
counting and flow cytometry, and bacteria in the lungs and blood were enumerated. Data are expressed as mean values with standard errors of
the means (SEM) (n = 3). (B) Expression of CD69 on live CD4" CD1l1c™ cells recovered from collagenase-treated lungs or spleens was
determined by flow cytometry at different time points. Corresponding bacterial titers in the lung tissue or blood are shown per whole lung or ml
blood, respectively (n = 3 or 4). (C) Expression of B7-H1, CD28, CD25, and ICOS on live CD4" CD11c splenocytes at 48 h after infection was
analyzed by flow cytometry (n = 5). (D) CD4" T cells were isolated from spleens of B6/SJL mice using MACS cell separation. A total of 3.5 X
10° purified CD4™ T cells were adoptively transferred to C57BL/6J or MHC class 1I-deficient (MHCII /") recipient mice (n = 3). Mice were
challenged i.p. with 2 X 10° CFU D39X and sacrificed at 12 h postchallenge. Splenocytes were stained with MAbs against CD45.1, CD4, and CD69.
CD69 expression on CD45.17 CD4™ splenocytes was determined by flow cytometry. (E) C57BL/6J mice were i.p. infected with 2 X 10° CFU D39X
(n = 5) and sacrificed at different time points. Expression of CD69 and B7-H1 on live CD4" CDl1lc™ splenocytes was determined by flow
cytometry. Mice challenged with the PBS vehicle control and D39X-challenged mice are shown by the closed and opens histogram, respectively
(B to E). Results for one representative PBS-challenged mouse and one D39X-challenged mouse are shown for each plot.

CD4" T-cell deficient mice show increased resistance to as well as with the nonbioluminescent strain D39 (Fig. 2). To
pneumococcal infection. We next investigated the contribution further validate a critical role for CD4™ T cells during IPD, we

of CD4" T cells to disease progression upon S. pneumoniae performed experiments using CD4-specific antibodies to de-
infection. To this end, we examined survival and infection- plete CD4™" T cells in WT mice. Indeed, antibody depletion of
associated pathology in MHC class II-deficient mice, which are CD4™" T cells prior to bacterial challenge also led to a signif-
largely void of CD4" T cells (6). icant increase in survival, comparable to that for MHC class

WT and MHC class II-deficient (B6;129S2-H2AP1-E2/T) II-deficient mice. Of note, the bacterial loads in the blood-
mice were challenged intranasally with D39X, and survival was streams of WT and MHC class II-deficient mice were compa-
monitored for 7 days. Unexpectedly, MHC class II-deficient rable for the first 48 h (Fig. 3A). Moreover, MHC class 1I-
mice exhibited a significantly higher median survival time than deficient mice sacrificed at 48 h postchallenge showed no
WT control mice (113 h and 66 h, respectively; P = 0.0322) obvious differences in the histopathology of the lungs (see Fig.
(Fig. 2A). Similar results were obtained with a different strain S1in the supplemental material) or in the bacterial loads in the
of MHC class II-deficient mice (H2-Ab1"™S™; Taconic) (16), lungs, bronchoalveolar lavage (BAL) fluid, and spleens com-
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FIG. 2. MHC class II-deficient mice and CD4" T-cell-depleted mice
show increased survival following pneumococcal challenge. (A) Six-week-
old WT and MHC class II-deficient (B6;129S2-H24A*""E4/T) mice were
challenged with 1 X 10° CFU D39X and monitored for death. (B) In a
separate experiment, 12-week-old WT and MHC class II-deficient
(B6.129S2-H24P1m1G™y mice were challenged with 1 X 107 CFU D39
(n = 13) and monitored for death. (C) Five-week-old WT mice were
depleted of CD4 " cells using anti-CD4 antibody (clone GK1.5) or treated
with the isotype control antibody (Co). Subsequently, mice were chal-
lenged with 1 X 10° CFU D39X and monitored for death (n = 25). *, P <
0.05; »*, P < 0.01 (log rank test).

pared to WT mice (Fig. 3A and B). Similarly, there was no
significant difference in either the total cell number or the cell
type composition in the BAL fluid between the MHC class
II-deficient and WT mice (Fig. 3C), with both groups of mice
showing a comparably strong increase in total leukocyte num-
bers in the BAL fluid, which was mainly due to neutrophil
infiltration (Fig. 3C).

Together, these data demonstrate that mice without CD4™
T cells or with reduced numbers of CD4" T cells are more
resistant to IPD than WT mice. However, this increased resis-
tance was not associated with a lower bacterial load in different
tissues, delayed progression of bacteria into the bloodstream,
or apparent changes in lung pathology or host cell recruitment
to the lung.

Reduced levels of proinflammatory cytokines in MHC class
I1-deficient mice during pneumococcal sepsis. Pneumococcal
bacteremia is accompanied by a strong cytokine release, which
contributes significantly to mortality. To evaluate a possible
contribution of CD4" T cells to cytokine production, we de-
termined the serum levels of a panel of key pro- and anti-
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FIG. 3. Pathogenesis of intranasal infection in MHC class II-defi-
cient mice. Six-week-old C57BL/6J (WT) and MHC class II-deficient
(MHCII"/") mice were challenged i.n. with 1 X 10° CFU D39X or
PBS (control [Co]). (A) Blood was recovered from the tail veins of
infected mice at 24 and 48 h postchallenge, and blood titers were
determined. (B and C) In a separate experiment, bacterial titers in the
BAL fluid, lungs, and spleen were determined (B). Total cell numbers
in the BAL fluid were enumerated and the percentages of macro-
phages (macro), neutrophils (neutro), and lymphocytes (lympho) were
determined by differential cell count (C). Bars represent means with
standard errors (n = 4).

inflammatory cytokines by multiplex analysis. Several classic
proinflammatory cytokines, such as TNF-a, IL-6, and IL-1B, as
well as chemokines, i.e., MIP-18, MIP-2, and MCP-1, were
strongly reduced in MHC class II-deficient mice (Fig. 4A; also
see Fig. S4 in the supplemental material). Interestingly, levels
of IL-10 were dramatically reduced in the sera of MHC class
II-deficient mice. A similar pattern of induction was seen for
IL-10 on an mRNA level as determined by Q-PCR from
splenocytes (Fig. 4B). There was no apparent difference in
cytokine or chemokine expression between WT and MHC
class II-deficient mice in the lungs at 24 and 48 h after infection
(see Fig. S2 and S3 in the supplemental material). Taking the
findings together, it appears that CD4" T cells have a strong
impact on the profile of systemic cytokines produced during
IPD. However, they do not seem to affect the local immune
response in the lung, at least not during the first 48 h of
infection. Notably, these changes in systemic cytokine levels
are not restricted to cytokines that are produced primarily by
CD4™" T cells, such as gamma interferon (IFN-y) or IL-2, but
also involve cytokines whose major source are innate immune
cells, such as IL-6, IL-1B, TNF-«, and IL-12, and chemokines.

Drug-induced inhibition of T-cell function using cyclospor-
ine or CTLA4-IgG (Abatacept) improves survival during IPD.
Based on the phenotype observed in MHC class II-deficient
mice, it appeared that CD4"% T cells play an adverse role
during IPD. To confirm this interpretation but also to translate
its implication to a more therapeutic setting, we examined the
effects of two T-cell immunosuppressive drugs, i.e., CsA and
Abatacept, in IPD. CsA, which is widely used in transplanta-
tion medicine as well as in treatment of dermatological and
autoimmune diseases, prevents calcium-dependent activation
of NF-AT, a key transcription factor for T-cell effector func-
tions, such as interleukin production (13, 25, 40). Abatacept, a
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FIG. 4. Levels of cytokines and chemokines in MHC class II-deficient mice during pneumococcal sepsis. Six-week-old WT (W) and MHC class
I1-deficient (M) mice were challenged i.n. with PBS (control [Co]) or 1 X 10° CFU D39X. (A) Cytokine levels in the serum were determined by
multiplex analysis after 48 h. Data from two independent experiments were pooled. *, P < 0.05 (Mann-Whitney test) (n = 8 or 9). (B) Splenocyte
mRNA levels of IL-10, IL-12p40, and IFN-y were determined by quantitative PCR analysis. Bars represent means with standard errors (n = 3 [Co]

or 4 [D39X]).

fusion protein comprised of the extracellular domain of
CTLA4 and human IgG1, is currently used for the treatment of
autoimmune disorders, particularly rheumatoid arthritis (23).
Abatacept binds with high affinity to the costimulatory mole-
cule B7 on antigen-presenting cells (APCs), thereby blocking
CD28-dependent coactivation of T cells (23), resulting in
largely reduced T-cell responses (see Fig. S5 in the supplemen-
tal material).

To test the effect of CsA in IPD we intranasally infected
C57BL/6J mice with D39X, followed by administration of CsA
or the vehicle control at 24 h postinfection. Treatment with
CsA increased the median survival time to 162 h, compared to
the vehicle-treated group median of 72 h (P = 0.0149) (Fig.
5A). Furthermore, the overall mortality was lower for the CsA
treatment group (P = 0.036) (Fig. 5A). Similar to the case for
MHC class II-deficient mice, CsA- and control-treated mice
showed no significant difference in bacterial titers in the lungs,
blood, and spleen after 48 h and no significant difference in the
overall cell number in the BAL fluid or in the composition of
immune cells recruited to the lungs (Fig. 5B and C).

To test the effect of Abatacept during IPD, we used a setting
similar to that described for CsA. Mice were intranasally in-
fected with D39X, followed by intraperitoneal administration
of Abatacept or vehicle control at 24 h postinfection. Mice
treated with Abatacept displayed significantly improved out-
comes during infection, exhibiting a increased median survival
time of 192 h, compared to 96 h for the controls (P = 0.0037),
and reduced overall mortality (P = 0.0029) (Fig. 6A). Compa-
rable to the case for MHC class II-deficient mice and CsA-
treated mice, no significant effects of Abatacept on bacterial
titers in the lungs, blood, or spleen or differences in cell num-
ber and immune cell recruitment to the lungs were observed
during infection (Fig. 6B and C). The effect of Abatacept
treatment on median survival time was also observed when
Abatacept was administered 4 h prior to i.p. bacterial challenge
(data not shown).

These data show that CsA and Abatacept both have bene-
ficial effects on median survival time and mortality when ad-
ministered during early phases of IPD. Combined with the
results from MHC class II-deficient mice and the CD4™ T-cell
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FIG. 5. CsA treatment results in reduced mortality during pneu-
mococcal infection. Six-week-old C57BL/6J mice were either i.n. chal-
lenged with PBS or 1 X 10° CFU D39X. After 24 h, mice were i.p.
injected with 40 mg/kg CsA or vehicle control (Co). (A) Deaths were
monitored for up to 7 days following bacterial challenge (n = 30). *, P
< 0.05 (log rank test). (B and C) In a separate experiment, mice were
challenged as described above. Bacterial titers in the BAL fluid, blood,
and spleen were determined (B). Total cell numbers in the BAL fluid
were enumerated and the percentages of macrophages (macro), neu-
trophils (neutro), and lymphocytes (lympho) were determined by dif-
ferential cell counting (C). Data points represent means with standard
errors (n = 3 [PBS] or 4 [D39X]).

depletion experiments, they suggest that manipulation of T-
cell effector functions may represent a therapeutic option for
the treatment of IPD.

DISCUSSION

Cells of the innate immune system, such as macrophages and
neutrophils, are established in their critical function as first-
line host defense during the acute phase of infection. Likewise,
cells of the adaptive immune system, such as B cells and CD4™*
T cells, are well characterized with respect to their critical
function in immune protection during recall infections, e.g.,
upon vaccination. Here we provide unexpected evidence that
CD4" T cells are also involved during the early phases of
infection, yet by adversely contributing to inflammation and
disease progression during IPD. Consistent with previous stud-
ies (20), we observed that CD4™ T cells are recruited to the
infected lung as early as 12 h after intranasal challenge with S.
pneumoniae. In addition, we found that the presence of pneu-
mococci in the bloodstream is accompanied by rapid poly-
clonal activation of CD4" T cells, reflected by upregulation of
CD69 and B7-HI. Interestingly, we did not observe any up-
regulation of CD25, a hallmark of T-cell receptor-mediated
cell activation. Upregulation of CD69 and B7-H1 on CD4" T
cells also occurred during i.p. challenge, suggesting that the
activation of CD4™" T cells is a more general result of pneu-
mococcal sepsis and not a consequence of organ-specific in-
fection of the lung. Surprisingly, our survival studies using mice
deficient in CD4™" T-cells indicate that the presence of CD4™
T cells is harmful to the host, as MHC class II-deficient mice
and CD4™" T-cell-depleted mice survived pneumococcal chal-
lenge significantly better than WT control mice.
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FIG. 6. Abatacept treatment results in reduced mortality during
pneumococcal infection. (A) Six-week-old C57BL/6J mice were i.n.
challenged with either PBS or 1 X 10° CFU D39X. After 24 h, mice
were i.p. injected with 30 mg/kg Abatacept or vehicle control (PBS)
(Co). Deaths were monitored for up to 8 days following bacterial
challenge (n = 18), **%, P < 0.005 (log rank test). (B and C) In a
separate experiment, mice were challenged and treated as described
for panel A. Bacterial titers in the BAL fluid, blood, and spleen were
determined (B). Total cell numbers in the BAL fluid were enumerated,
and the percentages of macrophages (macro), neutrophils (neutro),
and lymphocytes (lympho) were determined by differential cell count-
ing (C). Data points represent means with standard errors (n = 3
[PBS] or 4 [D39X]).

This was somewhat unexpected in light of results published
earlier, demonstrating that MHC class II-deficient mice clear
pneumococci from the nasopharynx (46) and the lungs less
efficiently, eventually leading to a more sustained bacteremia
(19). Even though we used the same bacterial strain, D39, as
well as its bioluminescent derivative (D39X), and the same
route and dose of bacterial challenge in this study, we did not
observe significantly different bacterial titers in the lungs (or
any other organ analyzed) of WT and MHC class II-deficient
mice, at least during the time investigated. It is important to
note, though, that we observed a steady increase in bacterial
titers in the bloodstream from the time point of infection until
death, as opposed to the results of the aforementioned study by
Kadioglu et al. (19), who observed sublethal bacterial titers
upon intranasal challenge and a complete clearance of blood
bacteria after around 48 h in WT mice. Mortality was not
analyzed in their study. As it seemed possible that factors such
as mouse strain and gender variations might account for the
observed difference, we also used a different strain of MHC
class II-deficient mice (H2-Ab1"™'S™; Taconic) (16) and ex-
amined male and female mice. However, none of these factors
influenced the principal observations, i.e., improved survival of
MHC class II-deficient mice. Even though we cannot exclude
other, unknown factors that may differ between the experimen-
tal settings compared, we conclude that in general, CD4™"
T-cell deficient mice exhibit improved survival during IPD
despite comparable bacterial growth and dissemination.

To further support the conclusion that CD4" T cells are a
major culprit in the mortality during IPD and also to evaluate
therapeutic options, we included two drugs, i.e., CsA and
Abatacept, in our studies. The immunosuppressive function of
CsA in T cells is very well characterized on a molecular level.
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Nevertheless, in vivo it is very likely that other cells types are
affected as well (15, 18, 22, 38). We therefore included Abata-
cept, a highly selective inhibitor of the B7-CD28-mediated
interaction between APCs and T cells. Both drugs were ad-
ministered at 24 h after bacterial challenge, and both drugs
significantly reduced mortality. Based on the combination of
results, i.e., improved survival in the absence of CD4% T
cells as well as inhibition of T-cell function, we conclude
that CD4 ™" T cells are adversely involved in disease progres-
sion during IPD.

From a therapeutic point of view, this observation is partic-
ularly interesting, as no obvious beneficial function can be
attributed to CD4 ™" T cells during acute inflammatory diseases.
In fact, in an Escherichia coli mouse model of Gram-negative
sepsis, T cells were reported to play a pathogenic role (47).
Interestingly, in accordance with our observation, polyclonal
upregulation of CD69 on T cells and reduced levels of IL-6 in
T-cell-deficient mice upon E. coli infection were reported (47).
Moreover, in another model of Gram-negative sepsis, i.e., the
cecal ligation and puncture (CLP) model, deletion of B7 mol-
ecules CD80 and CD86 attenuated cytokine production and
mortality (30). Likewise, a beneficial effect of CTLA4-Ig-me-
diated inhibition was found in a model of Staphylococcus au-
reus-derived toxic shock syndrome toxin 1 (TSS-1)-induced
death (35). Therefore, it appears that inhibition of T-cell func-
tion in general may offer a therapeutic benefit during early
phases of septic diseases, independent of the specific pathogen.
This interpretation strongly suggests that more general, T-cell-
derived factors rather than pathogen-specific factors contrib-
ute to disease progression. We have observed a significantly
altered cytokine profile in IPD in MHC class II-deficient mice
(Fig. 4). Particularly IL-1pB, IL-6, IL-10, and chemokines were
strongly reduced in the absence of CD4 ™" T cells. Interestingly,
low levels of IL-10 and high levels of IL-12 have been associ-
ated with higher survival in patients with pneumococcal sepsis
as well as in animal models (37, 42, 44, 45, 50). Moreover,
reduced levels of chemokines in the absence of T cells were
reported in an S. aureus infection model and were found to be
associated with reduced pathology (28). Thus, it appears that
interference with T-cell function correlates with a better dis-
ease outcome in invasive bacterial diseases.

In this context, it is important to note that most cytokines
found to be differentially regulated are produced either exclu-
sively or preferentially by non-T cells. Therefore, we need to
assume that activated T cells modify the cytokine release of
other cells, e.g., innate immune cells, through factors that are
not identified so far. We challenged highly purified CD4" T
cells in vitro with live or heat-inactivated pneumococci without
any significant effect on either CD69 upregulation or cytokine
release (data not shown). Furthermore, WT CD4" T cells that
were adoptively transferred to MHC class II-deficient mice still
displayed upregulation of CD69 and B7-H1 upon infection
(Fig. 1D and data not shown), indicating that early pneumo-
coccus-induced T-cell activation does not depend on a classic
MHC class II-T-cell receptor interaction. Therefore, it is likely
that T-cell activation is not a consequence of their direct in-
teraction with pneumococci or presented antigen but is due to
secondary factors, e.g., cytokines released by other host cells.
Identification of those factors that lead to T-cell activation, as
well as definition of those T-cell-derived factors that negatively
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affect survival during IPD, is currently a major focus of our
work.

Taken together, the results indicate that CD4™ T cells are
critically involved in the pathogenesis of IPD. Drug-mediated
interference with T-cell function may, therefore, represent a
therapeutic option (in combination with antibiotics) during
early phases of invasive pneumococcal infections or even bac-
terial infections in general. The survival advantage in the ab-
sence of T cells correlates with a specific cytokine profile de-
fined by reduced levels of IL-10 and chemokines. The
mechanisms involved in both polyclonal T-cell activation and
T-cell-mediated disease aggravation, need to be identified dur-
ing IPD, not least because such mechanisms may reveal even
more specific therapeutic targets than general, drug-mediated
T-cell inactivation.
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