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Inbred mice differ in their abilities to control the growth of Mycobacterium tuberculosis in the lung and can
as a result be regarded as either resistant or susceptible strains. In this study we report that the SWR mouse
is both highly susceptible and in addition appears incapable of establishing a characteristic state of chronic
disease after low-dose aerosol infection. In comparison to C57BL/6 mice, SWR mice were unable to contain the
bacterial load in the lungs, resulting in progressive fatal disease. Histologic analysis of the lung tissue revealed
evidence of a florid inflammatory cell response in the SWR mice leading to degeneration and necrosis and
consolidation of a large percentage of the lung surface area. Digestion of infected lungs and analysis by flow
cytometry demonstrated an initially similar but eventually higher number of lymphocytes accumulating in the
SWR mice. Additionally, in contrast to the C57BL/6 mice, SWR mice had a significantly lower percentage of
CD4 T cells in the lungs showing evidence of proliferation and positive intracellular staining for gamma
interferon during the first two months of infection, and a lower percentage of both CD4 and CDST cells
exhibiting differentiation to an effector/memory phenotype during the first month of infection. We propose that
further investigation of the SWR mouse may provide a new animal model for immunocompetent individuals

apparently unable to effectively control the growth of M. tuberculosis in the lung.

It is generally thought that most people exposed to Myco-
bacterium tuberculosis kill the organism by means of innate
mechanisms and never develop disease. In those that do, the
majority contain the bacterial load at low levels, establishing a
form of chronic or latent disease in which there is a risk of
reactivation at a later date, whereas the minority develop pro-
gressive disease and associated pneumonia which is fatal unless
treated. The expression of this resistance is known to be fur-
ther influenced by several host factors, including age, ethnicity,
malnutrition, and concurrent disease (2-5, 11, 15), which may
modulate the ability of the host to contain the primary infec-
tion and control the severity of the progressive disease.

To date, all immunocompetent inbred mouse strains studied
in the low-dose-aerosol infection model are apparently able to
contain the growth of the bacilli and establish a state of chronic
disease. However, in the case of several strains, such as DBA/2,
CBA/J, and A/J, etc., this control is relatively transient and
fatal regrowth or reactivation disease then occurs about 150
days later (30). In contrast, mice bred on the C57 background
develop this event very much more slowly, living approximately
twice as long. This has been extensively described elsewhere
(10, 19-21, 23), and as a result of these differences the former
group of mice can be regarded as susceptible strains and C57
mice can be regarded as a resistant strain.

In this study we present evidence for a third category based
upon observations made using the SWR strain of mouse, which
appears to be incapable of establishing a state of chronic dis-
ease after aerosol infection. This study shows that whereas
C57BL/6 mice expressed an expected long survival time, an
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ability to stabilize pulmonary bacterial growth, and a multifocal
granulomatous inflammation characterized by aggregates of
lymphocytes admixed with epithelioid macrophages, infected
SWR mice exhibited reduced survival time, progressive bacte-
rial growth, and severe pathology. Lesions were exemplified by
a diffuse granulomatous pneumonia dominated by large epi-
thelioid and foamy macrophages, multifocal necrosis and neu-
trophil accumulation, and scant aggregates of lymphocytes.
Many of the SWR mice had crystalloid inclusions within lung
macrophages, never seen in the C57BL/6 mice. SWR mice had
more lymphocytes within the lung as the infection progressed,
but a lower percentage had an activation-memory phenotype,
fewer were proliferating, and fewer could be identified as
CD4" gamma interferon (IFN-y)-positive lymphocytes. Ac-
cordingly, the SWR mouse may provide a new animal model of
pulmonary tuberculosis in which the infection is progressive
and fatal.

MATERIALS AND METHODS

Mice. Specific-pathogen-free, female C57BL/6 and SWR mice 6 to 8 weeks old
were purchased from the Jackson Laboratories (Bar Harbor, Maine). Infected
and uninfected control mice were maintained in a biosafety-level-3 facility at
Colorado State University. All animals had free access to water and standard
mouse chow. The specific-pathogen-free nature of the mouse colonies was dem-
onstrated by testing sentinel animals. These were shown to be negative for 12
known mouse pathogens. In each experiment, four or five animals were used at
each time point.

Bacteria and infection. M. tuberculosis strain Erdman (TMCC #107) was
grown from low-passage-number seed lots in Proskauer-Beck liquid medium
containing 0.02% Tween 80 to mid-log phase and then aliquoted and frozen at
—70°C until use. Mice were infected via the aerosol route with a low dose of
bacteria. Briefly, the nebulizer compartment of a Middlebrook airborne infection
apparatus (Glas-col, Terre Haute, Ind.) was filled with 5 ml of H,O containing
a suspension of bacteria, resulting in delivery of approximately 50 to 100 bacteria
per lung during a 30-min exposure.

Enumeration of bacteria. At the times indicated, mice were euthanized by
carbon dioxide asphyxiation. Lungs were aseptically removed from the thoracic
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FIG. 1. (A) Bacterial growth curves in the lungs of mice infected
with M. tuberculosis. (B) Granuloma fraction in the lungs of SWR and
C57BL/6 (B6) mice after low-dose aerosol infection. (C) Cumulative
survival curves. Statistically significant differences between strains (P <
0.05) are indicated (*). Survival curves are significantly different by the
Kaplan-Meier method. Data are representative of two (B) or three
(A) experiments or a combination of two (C) experiments (n = 11).

cavity, and the number of viable bacteria present was assessed by plating serial
dilutions of left lung lobe homogenates onto Middlebrook 7H11 nutrient agar.
After 3 weeks of incubation at 37°C in humidified air, bacterial colonies for each
dilution were counted with a dissecting microscope (magnification, xX4). The
data are representative of three experiments and are expressed as the log; value
of the mean number of CFU counted, with standard error of the mean indicated
by vertical bars.

Gross lesion assessment. At each time point, an appraisal of gross lesions
within the lung and thorax was made. All animals showing signs of distress were
euthanized and, along with those that died unexpectedly, were necropsied. Cu-
mulative survival curves were generated.

Histology. The lungs were removed from the thoracic cavity either as the entire
organ or as individual lobes. The right cranial lung lobe, or all lung lobes, from
each mouse were slowly infused with and then submerged in 10% neutral buff-
ered formalin for a minimum of 72 h. Tissues were prepared routinely and
sectioned for light microscopy with lobe orientation designed to allow the max-
imum surface area of each lobe to be seen. Consecutive sections were stained
with hematoxylin and eosin, by the Ziehl-Neelsen method for the detection of
acid-fast bacilli, and with Masson’s Trichrome for detection of type IV collagen.

An assessment of all of the parenchymal and nonparenchymal tissue elements
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was performed in all sections. In each case the presence and distribution of
inflammatory cell types was noted. This included macrophages, lymphocytes,
multinucleated giant cells and granulocytes (neutrophils and eosinophils). The
presence and distribution of acid fast bacilli and type IV collagen and necrosis
was also noted. All tissue identification was masked and the order was random-
ized to preclude experimental group bias. Sections were examined at least three
times to verify the reproducibility of the observations.

Electron microscopy. At each time point, the right accessory lung lobe was
aseptically removed, diced into pieces no larger than 2 mm in diameter, and
placed in a 4% formaldehyde-1.25% glutaraldehyde solution for a minimum of
72 h. The tissue was then processed for routine electron microscopic examina-
tion. Using a JEOL JEM-1200EX electron microscope with an accelerating
voltage of 80 kV, multiple sections of lung from both strains were examined.

Flow cytometric analysis of cell surface markers. Lung lymphocytes from
C57BL/6 and SWR mice were analyzed at day 30 and day 60 postinfection by
flow cytometry. A single-cell suspension was prepared from lungs as described
previously (12). Samples were stained for cell surface markers using rat anti-
mouse monoclonal antibodies specific for mouse CD4 (L3T4 clone GKI1.5,),
CDS8 (Ly-2 clone 53-6.7), CD25, CD44 (clone IM7), CD45RB (clone 16A), CD69
(clone H1.2F3), CD122, and OX40L. Appropriate isotype staining was also
performed. All staining procedures were performed in RPMI 1640 without
glutamine (Life Technologies, Rockville, Md.) with 0.1% azide. All antibodies
were obtained from BD Pharmingen (San Diego, Calif.) as direct conjugates to
fluorescein isothiocyanate (FITC), peridinin chlorophyll protein (PerCP), phy-
coerythin, or allophycocyanin. Acquisition was performed on a FACScalibur
instrument (BD Immunocytometry Systems, San Jose, Calif.), and data were
analyzed using CellQuest software (BD Immunocytometry Systems). Cells were
gated for lymphocytes by their characteristic forward and side scatter profile, and
50,000 events in the lymphocyte gate per sample were counted. Markers are
represented as a percentage of the cell population being analyzed.

Assessment of T-cell proliferation by BrdU incorporation. Mice infected with
M. tuberculosis for 30 and 60 days were analyzed for BrdU incorporation using
BD Pharmingen kit 2354KK. Mice were administered a solution of 5'-bromode-
oxyuridine (BrdU) (Sigma-Aldrich, St. Louis, Mo.) at 0.8 mg/ml in sterile drink-
ing water for 3 days prior to harvest of lungs. Single cell suspensions of lung
tissue were harvested, resuspended at 5 X 10%ml in phosphate-buffered saline—
0.1% azide, and stained for CD4-FITC and CD8-phycoerythin cell surface mark-
ers. The cells were fixed, permeabilized, and labeled with anti BrdU-FITC or
isotype control antibodies. Analysis was performed by gating total lymphocytes
by forward and side scatter.

Assessment of intracellular IFN-y production. Single-cell suspensions of lungs
at 30 and 60 days after aerosol infection were prepared and stained for intra-
cellular IFN-y. Briefly, cells were stimulated with anti-CD3 (clone 145-2C11, 0.1
pg/ml) and anti-CD28 (clone 37.51, 1 pg/ml) antibodies and 3 pM monensin
(Sigma-Aldrich) for 4 h at 37°C. At the end of the stimulation period, cells were
stained for CD4 and CDS, fixed, permeabilized, and stained for intracellular
IFN-y. Cells were resuspended at 5 X 10%ml in complete RPMI with 10% fetal
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FIG. 2. Representative photographs of organs from C57BL/6 (A)
and SWR (B) mice at 143 days after aerosol infection with M. tuber-
culosis. In each image, a typical granuloma is highlighted by a black
circle. Note the distinct lesion in A and a more diffuse lesion in B.
Changes are representative of three experiments.
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bovine serum. Analysis was performed by gating total lymphocytes by forward
and side scatter and staining for CD4 or CDS.

Photomicroscopy and morphometry. Photomicroscopy was performed with an
Olympus AH-2 microscope linked to a Sony SKC-DKS digital camera and Adobe
Photoshop 6.0 software. In an attempt to further classify the pulmonary lesions,
the area of inflammation was calculated from each of the hematoxylin-and-eosin-
stained histological slides. In brief, using Metamorph software (version 4.515;
Universal Imaging Corporation), the perceived inflammatory area was deter-
mined by outlining the affected tissue on the captured images and expressing this
as a percentage of the total area of the observed lung tissue. This percentage of
affected tissue was termed the granuloma fraction (25, 26)

Statistical analysis. Statistical analysis was performed with the Sigma Stat 2
software program (SPSS Science, Chicago, Ill.). The one-way analysis of variance
(ANOVA) and Student ¢ test were used to analyze bacterial growth curve data.
The Mann-Whitney rank sum test was used for the analysis of granuloma frac-
tion, and Kaplan-Meier analysis was employed for cumulative survival. Statistical
significance was taken as P < 0.05.

RESULTS

Course of M. tuberculosis infection in the lungs of C57BL/6
and SWR mice. Over the course of the first 30 days postinfec-
tion the bacterial load in both strains increased at a similar
rate. Thereafter, the bacterial load continued to increase pro-
gressively in the SWR mice (Fig. 1A). Assessment of the per-
centage of the lungs consolidated by the presence of the in-
flammation (granuloma fraction) showed that this reached a
peak of almost 70% prior to the death of SWR mice compared
to approximately 20% in the C57BL/6 mice at the same time
(Fig. 1B). SWR mice showed a mean survival of approximately
150 days whereas the majority of the C5S7BL/6 mice lived until
the experiment was terminated at 250 days (Fig. 1C).

Gross appearance and histopathology. Gross inspection of
harvested lungs from SWR mice showed granulomas that had
a poorly defined margin that often coalesced with adjacent
lesions, in contrast to distinct, unitized, multifocal lesions seen
in the C57BL/6 mice (Fig. 2) The results of microscopic anal-
ysis of C57BL/6 lungs was consistent with that previously
described (23, 27). The significant findings in the SWR lungs
are shown in Fig. 3 and 4. Figure 3 illustrates the progressive
changes in pathology from a mild, mixed lymphocytic and
histiocytic perivascular and peribronchiolar infiltrate at 30 days
postinfection (Fig. 3A) to one that is characterized by extensive
areas of large epithelioid and foamy macrophages admixed
with granulocytes and punctuated by multiple areas of necrosis
at the end stage of disease (Fig. 3B to F). Of note was the
relative lack of lymphocytes at perivascular and peribronchio-
lar sites as the disease progresses and the preponderance of
macrophages, many of which had a very large (diameter up to
50 pm) foamy and bizarre morphology. The presence of neu-
trophils and occasional eosinophils was also increasingly sig-
nificant over time. Plasma cells and multinucleate giant cells
were scattered to rare in the chronic lesions. Figure 4A and B
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FIG. 4. Representative photomicrographs of lung stained for acid-
fast bacilli (Ziehl-Neelsen method; bar = 10 wm) (A) and type IV
collagen (Masson’s Trichrome stain; bar = 100 pm) (B) in SWR mice
at 143 days following low-dose-aerosol infection with M. tuberculosis.
(A) The same area depicted in Fig. 3E is shown. Arrows, acid-fast
bacilli and collagen; m, macrophage; p, pleura. Data are representative
of three experiments.

illustrate the typical accumulation of bacilli within lesions and
the scattered presence of type IV collagen within the inflam-
matory foci, respectively. Bacilli could be seen both within
macrophages and extracellularly, admixed with cellular debris
within the lumens of airways.

Ultrastructural changes. As previously reported (31) many
of the macrophages in the SWR mice had ultrastructural
inclusions that were characterized as crystalloid, acicular,
and electron dense (Fig. 5). No such inclusions were found in
C57BL/6 mice.

Flow cytometric analysis. Analysis of CD4 and CD8 T cells
entering the lungs is shown in Table 1. Cells were quantitated
as activated (CD69™) or effector-memory (CD44™ CD45RB™").
The percentages of CD4 T cells were similar in both mouse
strains at days 30 and 60. The percentage of CDS8 T cells in the
SWR lungs, however, was less at day 30 but more at day 60
compared to C57BL/6. At both time points studied, greater
than or equal to two-thirds of the CD4 cells in the C57BL/6
lungs expressed the effector-memory phenotype, whereas this
was lower in the SWR lungs, rising from 33% on day 30 to 59%
on day 60. In contrast CD4 T cells in both mouse strains had
similar activation patterns at both time points, based on CD69
expression. The percentage of CD8 T cells within the effector-
memory and activation sets was lower in SWR at day 30 but
similar to C57BL/6 at day 60. Calculation of the total number
of cells in the lungs (data not shown) showed that significantly
more lymphocytes are present in the lungs of SWR mice by day
60, consistent with the histopathologic appearance of this or-
gan.

BrdU proliferation assay. Cell proliferation in the lung was
assessed by uptake of BrdU and flow cytometry (Fig. 6). The
data show that more than three times as many CD4 cells in the

FIG. 3. Representative photomicrographs of lung from SWR mice after low-dose-aerosol infection with M. tuberculosis. (A) Thirty days
postinfection. A small, focal lesion of perivascular lymphocyte and macrophage accumulation is shown (arrow). Bar = 100 pm. (B) Sixty days
postinfection. A moderate-size lesion of perivascular and peribronchiolar lymphocyte accumulation (arrows) is shown with many macrophages
(asterisk) filling adjacent alveoli. Bar = 100 wm. (C to E) One hundred ninety-nine days postinfection. (C) Severe, extensive inflammation with
few perivascular lymphocytes (arrows) and extensive sheets of macrophages (asterisk) effacing the normal parenchyma are seen. Bar = 100 pwm.
(D) Neutrophils (arrows) and a cholesterol cleft (arrowhead) are seen. Bar = 10 wm. (E) Multiple foamy macrophages (asterisks) filling the lumen
of a bronchiole (b) are seen. The area within the black box is depicted in Fig. 4A. (F) One hundred forty-three days postinfection. Organs are shown
(magnification, X1). & = heart. Note the extensive consolidation of all lobes (asterisks). Hematoxylin and eosin stain was used. Data are

representative of three experiments.
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FIG. 5. Representative transmission electron micrographs of two
alveolar macrophage from SWR mice at 99 days postinfection with a
low-dose aerosol of M. tuberculosis. Multiple acicular, crystalline, os-
miophilic intracytoplasmic inclusions are shown (arrows). N, nucleus
(visible in only one of the macrophages). Magnification, X2,000.

CS57BL/6
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lungs of C57BL/6 mice were in a state of proliferation at day
30, whereas CD8-cell proliferation was low in both strains.
Similar results were seen for day 60 of the infection (data not
shown).

Intracellular IFN-y assay. Lung cell digests were analyzed
by flow cytometry to determine what percentage of CD4 and
CD8 cells were expressing IFN-vy intracellularly (Fig. 7). Where-
as this value was found to be about 15% of CD4 cells from
C57BL/6 at both time points, only very low numbers of cells
from SWR were positive. Interestingly, positive cells gated for
CD8 from SWR mice were only marginally lower than those
seen in C57BL/6 mice.

DISCUSSION

The ability to establish a state of chronic disease is a com-
mon feature of inbred mouse strains studied to date. However,
the immunological mechanisms controlling this event are still
poorly understood (8), and as yet it is still unclear if the chronic
stage is an active process in which continued expression of
memory immunity is needed to restrain bacteria continually
trying to divide and disseminate, or if it is more of a passive
process in which the granulomatous process walls off foci of
infected macrophages containing surviving bacilli that are in
some sort of state of dormancy or latency.

Currently, there are data to support both the active and
passive models. The predominance of the immunological data

Brdu

FIG. 6. Representative flow-cytometric dot plots of BrdU incorporation within CD4" and CD8" lung lymphocytes in C57BL/6 and SWR mice,
30 days postinfection with low-dose aerosol of M. tuberculosis. Percentages of total lymphocytes are represented.
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TABLE 1. Flow cytometric analysis of pulmonary lymphocytes from C57BL/6 and SWR mice after a low-dose
aerosol infection with M. tuberculosis*

Result for hymphocytes from:

Dacyeﬁ“d C57BL/6 mice SWR mice
% Lymphocytes (SD) % Effector/memory” (SD) % Activation® (SD) % Lympocytes (SD) % Effector/memory (SD) % Activation (SD)

30

CD4 31(2) 76 (1) 40 (5) 33 (8) 33 (9)¢ 45 (9)

CDS8 18 (3) 51(5) 20 (1) 13 (1)¢ 36 (4)? 13 (2)¢
60

CD4 29 (3) 66 (6) 47 (8) 32(7) 59 (6) 43 (5)

CD8 13 (2) 32(7) 35(3) 31 (2)* 35(5) 32(17)

“ Not shown: CD25, CD122, and OX40L (no differences between groups or time points).

b Effector/memory is defined as CD44"/CD45RB!°™e¢ (CD45/CD45RB).
¢ Activation assessed by CD69 bright staining.

4 Statistically significant difference for corresponding value in C57BL/6 by Student’s ¢ test (P < 0.05).

supports the former: prevention of the Thl pathway prevents
the emergence of the chronic state (6, 9, 28), and depression of
CD4 immunity by human immunodeficiency virus infection
triggers reactivation of tuberculosis (16). In the mouse model,
a reduction in the expression of IFN-y in the lungs as a result
of the failure to adequately focus T cells into lung tissues may
be a key factor in the breakdown of the chronic disease state in
susceptible mouse strains (6, 9), and it has been shown in
addition that a lack of CDS8 cells during this period also favors
breakdown (29). In contrast, studies at the genetic level tend to
favor a latency hypothesis. Bacteria grown under hostile con-
ditions in vitro tend to up-regulate stress and survival genes,
and bacilli lacking the isocitrate lyase gene fail to persist in vivo
(18). This of course is mainly a semantic debate and it is likely
that both types of mechanisms are in fact involved (14, 24).

In the clinical setting, reactivation disease is a common
cause of tuberculosis, and analysis of the course of events in
mice resistant or susceptible to reactivation after initially es-
tablishing chronic disease is continuing. We report here that
our observations of the SWR mouse strain may provide an
additional opportunity. This mouse cannot establish a state of
chronic disease, and may therefore serve as a new model of
those individuals who are especially susceptible to tuberculosis
despite the absence of secondary underlying causes.

Infection in the SWR causes a florid inflammatory response
with very large numbers of mononuclear cells accumulating in
the lungs. Despite this, however, the acquired specific response
is depressed, and there is less proliferation. In addition, al-
though the levels of CD4 and CDS8 cell activation were gener-
ally similar in SWR and C57BL/6 mice (as measured by CD69,
CD25, and OX40L levels), the level of intracellular IFN-y
production was consistently lower in SWR mice. These data
thus suggest that there is not an activation defect per se but
potential deficiencies in (i) antigen presentation, (ii) costimu-
latory activity of antigen presenting cells, or (iii) common sig-
nal transduction machinery such as NF-«kB, allowing increased
expression of CD69 and CD25 activation markers but depress-
ing IFN-y production or cell cycling. As a result the infection
could not be contained, leading to the increased pathology and
more rapid disease progression.

Poor antigen-presenting cell function might be associated
with the intriguing observation that many macrophages in the
lungs of SWR mice contain inclusion bodies (13, 31). How

these arise is not known, but it is thought that they may rep-
resent eosinophil- or neutrophil-derived granules that have
been phagocytosed (1, 22). These inclusions and the intense
eosinophilic nature of the macrophage cytoplasm in some
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FIG. 7. Intracellular IFN-y production in lung lymphocytes of
C57BL/6 and SWR mice ([A] CD4"; [B] CD8") following low-dose-
aerosol infection with M. tuberculosis. Data are expressed as mean
values (n = 3), with standard errors indicated with vertical bars. *, sig-
nificant difference between values, using Student’s ¢ test (P < 0.05).
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SWR lesions are very similar to those described in the idio-
pathic condition acidophilic macrophage pneumonia (22).

In fact, there may be multiple reasons underlying the height-
ened susceptibility of the SWR mouse. Lung digest studies
revealed evidence of a delay in recruitment of effector T cells
into the lungs, which could be explained in terms of a reduced
early chemokine response, and/or poorer expression of adhe-
sion and integrin molecules; these possibilities are currently
under investigation. In addition, there is some limited infor-
mation suggesting that SWR mice have poor NK cell activity.
In the present study one interesting aspect of the histopathol-
ogy was the perivascular cuffing but poor migration of lympho-
cytes out into the lung granuloma, which as a result consisted
predominantly of macrophages. This observation is reminis-
cent of our previous observation with ,-microglobulin gene-
disrupted mice (7), which also lack NK cells and which show a
similar histopathologic appearance. A recent study using class-
Ta-KO mice makes a similar observation (32).

The degree of susceptibility of the SWR strain has some
similarities to the I/St strain described elsewhere (17). In those
studies, the I/St mouse was found to be highly susceptible to
high-dose intravenous infection with M. tuberculosis. Those mice,
like the SWR mice studied here, showed a significantly re-
duced expansion of CD4 cells expressing effector-memory cell
phenotypes. In contrast, however, the I/St mice showed an in-
crease in T-cell proliferation and reduced CDS8-T-cell recruit-
ment into the lungs, whereas in our study we observed the
reverse. Thus, the I/St strain may provide an additional, useful
model, but unfortunately unlike the SWR it is not widely avail-
able.
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