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Abstract

Diffuse alveolar hemorrhage is an uncommon yet often fatal complication of systemic lupus
erythematosus (SLE). Advances in the treatment of alveolar hemorrhage have been hampered due
to the heterogeneity of clinical findings and the lack of suitable animal models. A single
intraperitoneal injection of pristane induces a lupus-like syndrome characterized by lupus-related
autoantibodies and glomerulonephritis in non-autoimmune prone strains of mice. In addition,
C57BL/6 (B6) mice frequently develop alveolar hemorrhage within a few weeks of pristane
injection. Immunopathogenesis of pristane-induced alveolar hemorrhage was investigated in the
present study. Early (2-4 weeks after injection) mortality due to hemorrhage was unique to
C57BL/6 and C57BL/10 strains of mice. Recruitment of the macrophages and neutrophils
preceded the hemorrhage by several days and hemorrhage started 3-7 days after pristane injection
in some mice, peaked at 2 weeks (84% in B6) and then resolved by 4 weeks in a majority of mice.
Alveolar hemorrhage was independent of MyD88-, or TLR7 pathways, in contrast to autoantibody
production and glomerulonephritis, and also was independent of FcyR or Fas. Ragl”- mice had a
reduced prevalence of alveolar hemorrhage compared to B6 (P = 0.01) congenics. However, T-cell
receptor deficient mice developed alveolar hemorrhage at a rate comparable to wild type controls,
while B6 Igp- mice surprisingly had a strikingly reduced prevalence (7% vs 84% in B6, P <
0.0001). Reconstitution of B6 Igu”- mice with wild type B cells increased the prevalence to 50%
(P =0.028).

Pristane-induced alveolar hemorrhage is a useful model to study the pathogenesis and develop
new therapy for this underappreciated and often life-threatening complication of SLE.
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Pulmonary manifestations in SLE include pleural, parenchymal, vascular, and airway
disease (1). Pleuritis is relatively characteristic of SLE and included in the classification
criteria. Although pulmonary parenchymal manifestations are not frequently seen or
pathognomonic of SLE, pneumonitis, acute respiratory distress syndrome (ARDS), diffuse
alveolar hemorrhage (DAH), chronic interstitial pneumonitis, and diaphragmatic
dysfunction/shrinking lung syndrome, can develop. Among these, DAH is one of the most
serious pulmonary complications of SLE (1). While DAH occurs infrequently [average
1.9%, reviewed in (2)] (3, 4) in lupus patient cohorts, it is responsible for 1.5-3.7% of all
SLE associated hospital admissions (3, 4), and 10 - 20% of mortality in SLE. Most patients
that develop DAH are young females within 5 years of diagnosis of SLE (2, 3). Patients that
develop DAH present with high fever, chest pain, coughing, rales, dyspnea, tachypnea and
hemoptysis. In the acute setting of a systemically ill patient, DAH is frequently difficult to
differentiate from bacterial or other opportunistic pulmonary infections (2, 4). Treatment for
patients with DAH typically includes high doses of steroids alone or in combination with
other immunosuppressive drugs and plasmapheresis. Mechanical ventilation is also required
in over 50% of the cases of SLE associated DAH (5). Despite these interventions, DAH can
often recur while the patient is already on immunosuppressive therapies, and SLE associated
DAH is fatal in over 50% of cases (2, 3, 5, 6). More effective treatment is needed, but
advances in understanding the pathogenesis and testing potential new therapeutic options
have been hindered by the heterogeneity of the clinical and immunopathological findings
(2-5, 7, 8).

Pristane (2, 6, 10, 14-tetramethylpentadecane) is a hydrocarbon oil that can induce a lupus-
like autoimmune syndrome that includes several of the pathognomonic characteristics of
human SLE in non-autoimmune prone strains of mice (9, 10). After a single intraperitoneal
injection of pristane, mice develop anti-U1RNP/Sm, -Su, -dsDNA, and -chromatin
autoantibodies, immune complex-mediated glomerulonephritis and arthritis (9-11). While
most of these characteristics are also present in several genetic models of SLE, the ability of
pristane to induce type | interferons (12-15) and alveolar hemorrhage (16, 17) in mice on a
C57BL/6 (B6) background are unique to this chemically induced model of SLE. In this
study we report that mice on the B6/B10 background frequently develop DAH, and
characterize the sequence of events and the immune cells and mechanisms that are important
for the development of this underappreciated and often fatal complication of SLE.

Materials and Methods

Mice

Four to six week old A.SW, BALB/cJ, C3H/HeJ, CBA/CaJ, DBA/1J, SJL/J, C57BL/10J
(B10) and C57BL/6J (B6) mice were purchased from the Jackson Laboratory (Bar Harbor,
ME, USA), housed and bred in barrier cages in a conventional facility at the Malcolm
Randall VA Medical Center (Gainesville, FL, USA). Four to six week old B6;129S7-
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Rag1tmiMomyj (B RAG17"), B6.129P2-TerbtMIMomcrgTmiMom (Bg TCR-), B6.129S2-
Igh-6'™1Can/3 (B6 Igu”), B6.MRL-FasP'/J (B6 Ipr), and B6 MyD88/", were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA). B6.129P2-Fcer 1gt™Ra N12(B6
FcyR™) were purchased from Taconic Laboratories (Hudson, NY, USA). These mice were
housed and bred in barrier cages in a specific pathogen-free (SPF) facility at the Malcolm
Randall VA Medical Center (Gainesville, FL, USA). B6 MyD88™-, Toll-like Receptor
(TLR)77- and TLR9"- [described previously (18)] were bred and maintained in a SPF
facility at the Research Institute for Microbial Diseases at Osaka University (Osaka, Japan).
At 3-4 months of age, mice received a single 0.5ml intraperitoneal injection of sterile
2,6,10,14-tetramethylpentadecane (pristane, Sigma-Aldrich, St. Louis, MO, USA). After 1,
3, 7, 14 or 28 days the spleen, lungs, kidneys, and liver were harvested as described
previously (15). In reconstitution studies, splenocytes from age- and sex-matched donor B6
mice were positively selected for either CD19* B cells, CD4* T cells, or CD8" T cells using
magnetic microbeads (Miltenyi Biotec, Auburn, CA, USA) as per the manufacturer’s
instructions. B6 Rag1”- mice were reconstituted by intravenous injection of either ten
million splenic CD4* T cells, CD8" T cells or total T cells (5x106 of each CD4™ T cells and
CD8* T cells). B6 Igp”- mice were reconstituted by intravenous injection of 20x106 CD19*
B cells. Three days after receiving the transfers the recipient B6 Rag1”~ and B6 Igu”- mice
were injected i.p. with 0.5ml of pristane and their organs harvested on day 14. In other
experiment, potential role of antibodies and other factors in serum was tested by transferring
serum from mice with DAH. Sera were collected from two B6 mice that received pristane 2
weeks earlier and developed DAH. Two-hundred microliter of serum was intravenously
injected into four naive B6 mice and their lung pathology was examined 2 weeks later. All
studies were approved by the Institutional Animal Care and Use Committee at the Malcolm
Randall VA Medical Center (Gainesville, FL, USA).

Spleen, kidney, liver and lung tissue were harvested and fixed in 4% paraformaldehyde
overnight. The fixed tissues were embedded in paraffin, cut into 5 pm sections and stained
with hematoxylin and eosin.

Bronchoalveolar Lavage

Bronchoalveolar lavage was performed on euthanized B6 mice by making a small incision
in the trachea. An 18G needle fitted with a blunted p20 pipette tip was attached to a 1 ml
syringe filled with 1.2 ml of sterile Dulbecco’s Modification of Eagle’s Medium (DMEM)
(Mediatech, Manassas, VA, USA). The trachea was securely clamped around the inserted
18G needle. The lungs were then flushed repeatedly, and the recovered fluid was collected
in a 15 ml conical tube on ice. This process was repeated as needed until a total of 3-4 ml of
lavage fluid was collected. The collected cells were analyzed by flow cytometry.

Detection of Apoptosis

Lung tissue sections were stained for apoptotic cells by the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay (Apoptag Red in situ apoptosis
detection kit, Millipore, Billerica, MA, USA) as per the manufacturer’s instructions.
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Culturing Endothelial Cells with Pristane

A human umbilical cord endothelial cell line (EaHy926, a gift from Dr. F. Southwick,
University of Florida, Gainesville, FL, USA) was cultured in a 24 well transwell plate
(8.0um pore size, Costar, Corning, NY, USA) with DMEM supplemented with 10% FCS
until the cells were 70% confluent. Media was removed and replaced with either fresh
DMEM with 10% FCS alone or 10% FCS that had been previously mixed with pristane
(12). At three time points (0, 6, and 24h after replacement of medium), an electric current
was passed over the cells and the total transepithelial electrical resistance (conductance, 1/€2)
was measured with a STX2 manual electrode with meter (World Precision Instruments,
Sarasota, FL).

Flow Cytometry

The following conjugated antibodies from BD Biosciences (San Jose, CA, USA) were used:
anti-CD3 complex-PE, anti-CD4-FITC, anti-CD5-FITC and -PE, anti-CD8-FITC, anti-
CD11b-FITC and -PerCP5.5, anti-CD11c-FITC and -PE, anti-Ly6C-FITC, anti-Ly6G-PE.
Anti-CD4-APC, anti-CD11b-APC and -PerCP5.5 were purchased from eBioscience (San
Diego, CA, USA). Pacific blue-conjugated antibodies to CD3 complex, CD4, CD11b, CD19
and Ly6G were purchased from Biolegend (San Diego, CA, USA). FITC, PE, Pacific Blue,
APC and PerCP5.5 conjugated isotype controls were used to determine background
fluorescence. Isolated spleen, lung and peritoneal cells were washed with staining buffer
(PBS supplemented with 0.5% bovine serum albumin, 0.05% NaN3). A half million cells/
well were added to a 96 well round bottom polystyrene plate (Costar, Corning, NY, USA)
and were incubated with 25ul of Fc block. Cells were incubated with fluorescently labeled
antibodies for 20 minutes at 4°C and were then washed twice with staining buffer. The cells
were fixed in 1% paraformaldehyde in PBS, run on a Cyan ADP flow cytometer (Dako
Cytomation, Carpinteria, CA, USA), and data for twenty thousand live cell gated events
were collected for each sample with Summit acquisition software where. Analyses of the
data were done with Flowjo version 7.2.5 (Ashland, OR, USA).

Statistical Analysis

Results

For differences in the prevalence of alveolar hemorrhage, Fisher’s exact test was used. For
the phenotypic characterization of the immune cells found within the lungs, differences
between groups were analyzed by Mann-Whitney U test with P < 0.05 considered to be
significant. Data are presented as mean+SEM. Statistical analyses were performed with
Prism 4.0 (GraphPad Software, San Diego, CA, USA).

Pristane Induces Pulmonary Hemorrhage in C57BL/6 Mice

Previous work reported early mortality within the first 4 weeks after intraperitoneal pristane
injection in C57BL/6 (B6) mice, presumably due to pulmonary hemorrhage (16). Survival
curves for 3 groups of B6 and BALB/cByJ mice after pristane injection are shown (Fig.1A).
Although early mortality within 4 weeks, mainly between 2 and 4 weeks, was observed in
most groups of mice on the B6 background, the mortality rates varied from group to group.
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None of the pristane-treated BALB/c mice (Table 1) or control PBS-treated B6 mice (data
not shown) died during the same period. Mortality of various non-autoimmune-prone strains
of mice during the first 4 months after pristane injection is summarized (Table 1). Death
within 4 months following pristane injection was very rare in all strains except those on B6
or B10 background. Most of the mortality occurred between 2 and 4 weeks after pristane
injection, and further deaths after 4 weeks were rare. A high rate of mortality was observed
in SJL/J mice between 4 and 6 months after pristane injection. However, the cause of death
in the SJL/J mice appeared to be from mediastinal lymphadenopathy and nephritis and not
DAH, since no pulmonary hemorrhage was observed at autopsy (19) (Satoh M et al.,
unpublished observation). Therefore, pristane induces early mortality, presumably due to
alveolar hemorrhage only in mice derived from the B6/B10 strains. Although we do not
have autopsy data on all the mice that died, it seems highly likely that the mortality in these
mice is due to DAH based on the high prevalence of this complication, as we show later in
the time course experiment. It should also be noted that we do not have autopsy data of all
strains of mice between 2 and 4 weeks when B6 mice frequently develop DAH. Thus, it is
possible that some strains of mice listed in Table 1 had DAH without observed mortality.

Pristane-induced Hemorrhage is Strain and Organ Specific

The mechanisms of pristane-induced alveolar hemorrhage are poorly understood. To
determine whether the hemorrhage observed in the lungs of B6 mice was organ specific and
not due to a change in general vascular permeability in vivo, B6 and control BALB/c mice
were injected with pristane and several organs were examined for evidence of hemorrhage.
The lungs from pristane-treated B6 mice were filled with blood and heavily infiltrated with
macrophages and neutrophils (Fig.2A, bottom left) two weeks after injection. No
hemorrhage or inflammatory cellular infiltrates were seen in the lungs of untreated B6 mice
(Fig.2A, top left). Consistent with the lack of early mortality in BALB/c mice following i.p.
injection of pristane (Table 1), the lungs of BALB/c mice were free of any signs of
hemorrhage (Fig.2A, right). We also confirmed that the hemorrhage in pristane treated mice
was limited to the lungs and not seen in the spleen, liver and kidneys (Fig.2B), suggesting
that pristane is not causing a generalized leakiness of endothelial cells in B6 mice.

As one possibility, we hypothesized that pristane may directly change the permeability of
the endothelial cells in the lungs. To examine this possibility, EaHy926 cells were cultured
with pristane, and conductivity was measured. The total conductance was measured
immediately after changing the media and after 6 and 24 hours. At all time points there was
no difference in the total conductance across the cultured EaHy926 cells in the presence or
absence of pristane (data not shown), suggesting that pristane did not directly affect
permeability in human endothelial cells. Although we consider it unlikely, the possibility
that pristane has different effects on murine pulmonary endothelial cells or that there may
even be unique effects on B6-derived cells cannot be formally excluded.

Pristane-Induced Diffuse Alveolar Hemorrhage Occurs Independently of MyD88-, TLR7,
FcyR Signaling, or Fas-Mediated Apoptosis

Type | interferons (IFN) play a critical role in the pathogenesis of SLE. The expression of
type | IFN correlates with active disease, certain autoantibodies to RNA-protein complexes,
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and increased incidence of renal involvement in human SLE (20, 21). The interferon
signature is also present in pristane-treated B6 mice and type | IFNs are produced by Ly6CNi
monocytes in MyD88 and TLR7 dependent manner (12). Additionally, the recruitment of
Ly6CNi monocytes, Ly6C!® macrophages and granulocytes to the peritoneal cavity following
i.p. injection of pristane depends on TLR7 and MyD88, respectively (12). Thus, whether B6
mice deficient in TLR7 or MyD88 were resistant to pristane-induced DAH was examined 14
days after injection. Unexpectedly, both MyD88 - (n = 10, 60% hemorrhage) and TLR7 -
(n =4, 100%) B6 mice developed DAH at prevalence similar to that of wild type B6 mice.
FcyR signaling did not play a role in the recruitment of immature monocytes and neutrophils
to the peritoneal cavity following an i.p. injection of pristane (12). Although it is possible
that FcyR is involved in the recruitment of inflammatory cells to the lungs, B6 FcyR”- mice
also developed DAH (n =5, 80% at day 14). Based on these findings, we concluded that the
induction of DAH is independent of these pathways and different from recruitment of
myeloid cells to the peritoneal cavity after pristane injection (12),

While deficiencies in Fas or its ligand (Ipr or gld mutations) accelerate the development of a
lupus-like syndrome in mice (22), it was paradoxically found that B6/Ipr mice were resistant
to pristane-induced lupus (16). To determine the role of Fas-mediated apoptosis in the DAH
induced by pristane, lungs from B6/Ipr mice 14 days after pristane injection were examined.
The prevalence of DAH in pristane-treated B6/Ipr (80% hemorrhage, n = 5) was not reduced
vs. wild type mice (83%, n = 24, Fig.3), unlike the production of pristane-induced anti-
U1RNP/Sm autoantibodies (16). Moreover, very few apoptotic cells were detected in lung
tissue by TUNEL assay prior to hemorrhage (data not shown). Thus the pathways involved
in pristane-induced DAH are independent of Fas-mediated apoptosis.

B1 cells are a self-renewing population of immune cells that are found predominantly in the
peritoneal and pleural cavities and have an increased presence in both humans and mice that
develop SLE (23, 24). They produce most of the naturally occurring autoantibodies ina T-
independent fashion and can also function as antigen presenting cells, especially in response
to bacterial infections (23). We examined whether the reduction of B1 cells in the peritoneal
cavity would affect the susceptibility to DAH by depleting peritoneal B1 cells prior to and
over the course of pristane treatment. An intraperitoneal injection of pristane alone reduces
the CD19" CD11b* B1 cells to less than a few percent in the peritoneal cavity (13, 15). The
injection of distilled water into the peritoneal cavity decreased the percentage of CD19 and
CD11b positive B1 cells within the peritoneal cavity from 30-40% to 5-15% (data not
shown). Two-thirds of the B6 mice that had their B1 cells reduced were still susceptible to
pristane-induced DAH (n = 15, 66%). The loss of peritoneal B1 cells following pristane is
dramatic and their fate unclear. Although the role of B-1 cells in pristane-induced DAH is
not entirely conclusive, since B-1 cell depletion in this experiment was incomplete, this
experiment was very informative, as it strongly suggests that B1 cells are not integral to the
pathogenesis of pristane-induced DAH and likely unrelated to the pathogenesis of pristane-
induced autoimmunity.
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Cellular Infiltration of the Lungs Precedes the Development of Hemorrhage

Since B6 mice start to die around 2 weeks after pristane injection and do not have further
mortality after week 4, we performed time course studies focusing on the first 4 weeks after
injection to determine the sequence of pathology of DAH induced by pristane. The lungs of
pristane-treated B6 mice were examined after 1, 3, 7, 14 and 28 days. Prior to analysis, all
B6 mice were asymptomatic and were otherwise indistinguishable from their PBS injected
littermates. The first signs of alveolar hemorrhage were observed starting at 3 days after
pristane injection (Fig.3A). While over 90% of pristane-treated B6 mice were without any
signs of alveolar hemorrhage (Fig.3B) a subpopulation of B6 mice developed small yet
distinct foci of hemorrhage that were uniformly distributed in all lobes of the lungs (Fig.
3A). On day 7, some B6 mice developed complete/diffuse alveolar hemorrhage while others
had focal/partial hemorrhage. The peak incidence of DAH was at two weeks after pristane
injection (Fig.3A); 84% of the pristane-treated B6 mice had lungs that were completely
filled with blood. The incidence of DAH was reduced to less than 30% at week 4, indicating
that the majority of mice that had hemorrhage at day 14 spontaneously recovered and
cleared the hemorrhage from their lungs. Since the lungs of human SLE patients with DAH
are filled with not only erythrocytes but also proinflammatory cells such as macrophages
and neutrophils, the lungs were examined histologically to determine if these cells were also
being recruited to the lungs of pristane-treated B6 mice prior to alveolar hemorrhage.
Twenty-four hours after injection, no difference in the histology of the lungs was observed
between pristane-treated compared to untreated B6 mice. At day 3, the lungs began to fill
with proinflammatory cells (Fig. 3B) and by day 7 the lungs were heavily infiltrated by
inflammatory cells. It was also on day 7 that the first mouse with DAH was observed (Fig.
3B). Both the hemorrhage and recruitment of inflammatory cells progressively worsened so
that by day 14, nearly all the alveolar space was replaced with erythrocytes and infiltrating
immune cells (Fig.3B).

Additionally based on their morphology, the majority of the immune cells recruited to the
lungs of pristane-treated B6 mice were identified as macrophages and neutrophils. The
bleeding and accumulation of macrophages and neutrophils in the lungs of pristane-treated
B6 mice in this study is consistent with previously published work in B10 mice (17) and
reports of human SLE associated DAH (4, 7, 25, 26). The DAH begins as early as one week
after the pristane injection and that the influx of macrophages and neutrophils precedes the
DAH by several days.

Since prevalence of DAH peaks at 2 weeks after an i.p. pristane injection, potential role of
antibodies and other factors in serum at 2 weeks in the development of DAH was tested by a
serum transfer experiment. None of four naive B6 mice that received serum from B6 mice
with pristane-induced DAH, developed DAH (data not shown).

Monocytes, Granulocytes, B-cells and T-cells Accumulate Over the Course of Pristane-
induced Alveolar Hemorrhage

Macrophages and neutrophils accumulated in the lungs of B6 mice 2 weeks after the
pristane injection. To confirm the presence of these innate immune cells and to determine
when and what types of immune cells accumulate in the lungs of pristane treated B6 mice,
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cells in bronchoalveolar lavage (BAL) fluid collected from the mice over a 14 day time
course study were analyzed. The percentage of Ly6C!® monocytes, Ly6C" monocytes and
granulocytes in BAL remained constant over the first 3 days after injection of pristane (Fig.
4A-4C). One week after the injection all three populations were increased (Fig.4A-4C),
indicating that infiltration of these cells precedes the hemorrhage. The Ly6C!® and Ly6Chi
monocytes and granulocytes populations in the BAL isolated 7 and14 days after an i.p.
pristane injection appeared to be increased, however, the difference was not statistically
significant (Mann-Whitney) due to high variability in individual mice and small numbers
per group. When the percentage of Ly6C" monocytes and granulocytes in BAL from
hemorrhagic mice (n = 8) vs non-hemorrhagic mice (n = 3) was compared, the percentage in
the former was significantly higher (P = 0.0121) than that of the latter. However, the
percentage of Ly6C!© monocytes was not significantly different. The B- and T-cells in BAL
also increased after day 3-7 (Fig.4D-4F). Percentage of B-cells at day 7 and 14 was
significantly higher than that of day 1 (P = 0.036 and P = 0.021 respectively by Mann-
Whitney). CD4+ T-cells at day 7 ad 14 were significantly increased vs day 1 and 3 (P =
0.036 and P = 0.028, respectively), and CD8+ T-cells at day 7 and 14 were higher than day 1
(P =0.036 and P = 0.049, respectively). Nearly all of the pristane-treated B6 mice that
developed alveolar hemorrhage within 2 weeks had at least 8% of B cells in their BAL (Fig.
4D). It is unclear what role CD4+ T-cells (Fig.4E) or CD8* T-cells (Fig.4F,) plays in
pristane-induced alveolar hemorrhage since the number is small and the presence of T cells
did not necessarily coincide with the development of DAH.

B Cells Play a Pathogenic Role in Pristane-induced Alveolar Hemorrhage

To determine the role of B and T cells in DAH, we examined whether B6 deficient in both
of these cell populations (B6 Rag1”") were resistant to DAH. Half of pristane-treated B6
Rag1”" mice developed alveolar hemorrhage (Fig.5A) at 2 weeks, indicating that B and T-
cells are not an absolute requirement. Nevertheless, prevalence of DAH in B6 RAG17- mice
were lower than that in wild type B6 mice (P = 0.01 for complete hemorrhage, P = 0.06 for
any hemorrhage by Fisher’s exact test), suggesting that B and/or T cells may accelerate the
development of DAH. To clarify the role of T- vs. B-cells in DAH, B6 mice that were
deficient in only T cells (B6 TCR™") or only B cells (B6 Igu”") were treated with pristane.
Two-thirds of B6 TCR™- mice developed complete hemorrhage and one mouse developed
partial hemorrhage (Fig.5A). In striking contrast to T-cell deficient mice, all of but one
pristane-treated B6 Igu- mice were resistant to alveolar hemorrhage (P < 0.0001 vs. B6 by
Fisher exact test) (Fig.5A). The prevalence of pristane-induced alveolar hemorrhage
between male and female B6, B6 RAG1”", B6 TCR"" and B6 Igu”- mice was also analyzed.
Female dominance as seen in many autoimmune diseases was not observed, and the
prevalence between male and female in all strains examined was not statistically different
(data not shown).

The role of T and B cells in pristane-induced alveolar hemorrhage was examined through a
series of reconstitution studies. B6 Rag1”~ mice were intravenously reconstituted with either
wild type B6 CD4* spleen T-cells, CD8* spleen T-cells or a combination of both
populations 3 days prior to pristane treatment. It is possible that the prevalence of DAH is
affected by the transfer of T cells, and CD4" T-cells may enhance the alveolar hemorrhage
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(B6 Ragl”" + B6 CD4* and CD8" vs. B6 Ragl™”" + B6 CD4, P = 0.04; B6 Ragl™" vs. B6
Ragl” + B6 CD4*, P = 0.051 by Fisher’s exact test (Fig.5B). Reconstitution of B6 Igp-
mice with spleen CD19" B cells prior to pristane injection dramatically increased the
prevalence of alveolar hemorrhage from 7% to 50% (B6 Igp™~ vs. B6 Igu”~ + B6 CD19*, P
= 0.024 for any hemorrhage, P = 0.028 for complete hemorrhage by Fisher’s exact test) (Fig.
5C). These results strongly suggest that the presence of B-cells is pro-inflammatory in this
model and that the presence of T-cells in the absence of B-cells (B6 Igu”" mice) is
protective.

Discussion

Alveolar hemorrhage is an uncommon but serious complication of SLE. However, despite
many reports on case series of patients with DAH, the pathogenesis remains to be clarified.
While the infiltration of the lungs by inflammatory cells is common and the deposition of
immune complexes and capillaritis have been also described in some reports (4, 25, 27, 28),
alveolar hemorrhage can also occur in the absence of some or all of these manifestations (7,
8). Advances in our understanding on the pathogenesis of alveolar hemorrhage in SLE have
been hampered by the inconsistency of immunopathological and clinical findings within the
literatures. Most of the information regarding tissue immunopathology is from autopsy cases
and sequential analysis of tissue is unavailable. Thus, the order and time course of
immunopathological events are not known. In addition, the lack of an appropriate animal
model makes it difficult to understand the immunopathogenetic mechanisms and to develop
a new treatment.

A single intraperitoneal injection of pristane induces a lupus-like syndrome that includes
production of lupus-related autoantibodies, glomerulonephritis and arthritis in several non-
autoimmune prone strains of mice (9-11, 29). In addition, up to 50% of pristane-treated B6
mice die within the first month of injection due to alveolar hemorrhage, while this early
mortality is not seen in other strains of mice (Table 1, Fig.1) (16). The present study
demonstrates that the induction of pristane-induced DAH is unique to mice on the B6
background including B10, which was originally separated from B6 mice and essentially
identical in terms of genetics. This is consistent with the previous work that demonstrated
that B10 mice were also susceptible to DAH (17). Chowdhary et al found that 2 weeks after
i.p. pristane injection the BAL fluid from B10 mice was consistently bloody and filled
predominantly with macrophages and neutrophils (17). However, the histopathology of the
lungs showed only areas of focal hemorrhage (17). Our data not only recapitulated what is
seen in human patients in terms of severity of bleeding and recruitment of macrophages and
neutrophils to the lungs, but we were also able to show by BAL and lung histology that
inflammatory cells preceded any signs of hemorrhage by several days (Fig.4).

The production of autoantibodies to RNA-protein complexes and DNA is one of the
hallmarks of the pristane-induced model of SLE (9, 10). The autoantigens are thought to be
released from dead cells and can stimulate MyD88-dependent TLR signaling via TLR7 and
TLR9 (30). Induction of autoantibodies to snRNPs and nephritis in pristane-induced lupus
was shown to be TLR-7 dependent (12). MyD88 and TLR7 were also recently reported to be
absolute requirements for the recruitment of monocytes and granulocytes to the peritoneal
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cavity following intraperitoneal pristane injection (14). Unexpectedly, B6 mice deficient in
MyD88 or TLR7 were both susceptible to pristane-induced alveolar hemorrhage, indicating
that the development of DAH is not dependent on either of these signaling pathways and
thus is different from other features of lupus seen in the pristane-induced model. The
susceptibility of FcyR™ or B6/Ipr mice to alveolar hemorrhage was not entirely unexpected.
The recruitment of Ly6CNi CD11b* monocytes to the peritoneal cavity in response to
pristane was shown to be independent of FcyR signaling (14). Pristane exposure and
defective Fas-mediated apoptosis induce lupus-associated autoantibodies by different
pathways that do not appear to be synergistic (16).

B1 cells are the major population of immune cells in the peritoneal and pleural cavities and
have been linked to the development of autoimmune disease (24, 31). Since pristane is
injected intraperitoneally in this model of SLE, peritoneal B1 cells would be among the first
immune cells to be exposed to this hydrocarbon oil. Peritoneal B-1 cells nearly completely
disappear within a few days after a single pristane injection despite a sharp increase of
serum IgM peaking at 2 weeks (32). Intraperitoneal injections of distilled water reduced the
number of B-1 cells in the peritoneal cavity to 5-15% but did not affect the prevalence of
DAH. While the cause for the disappearance of B-1 cells following pristane is unclear, it is
known that distilled water depletes B-1 cells through osmotic lysis. Thus, our data suggest
that B-1 cells are not pivotal to the development of pristane-induced DAH.

Abnormalities in B and T cell functions have been well described in both human and animal
models of SLE (33). When the cells in BAL from pristane-treated B6 mice were examined,
in addition to the monocytes and granulocytes (Fig.4A-4C), the numbers of CD19" B cells
as well as CD4* and CD8" T cells were increased over time (Fig.4D-4F). B6 Ragl™- mice
that lack both B and T cells had significantly reduced prevalence of DAH compared to wild
type B6 mice (Fig.5A). The role of T cells in pristane-induced DAH is complex. The
prevalence of DAH in T-cell deficient B6 mice was similar to that of wild type B6 mice.
Additionally when B6 Rag1”- mice were reconstituted with total B6 splenic T-cells the
prevalence of DAH was reduced, yet when CD4* T cells were transferred to B6 Ragl™-
mice the prevalence of hemorrhage did not decrease.

B-cells can act protective or pathogenic in inflammation and autoimmunity (34-36). A
pathologic role of B cells in pristane-induced DAH appeared dominant based on the rare
occurrence of DAH in B6 Igu”~ mice (Fig.5A-B). The increased susceptibility of B6 Igu-
mice reconstituted with wild type CD19* splenocytes prior to injecting them with pristane
further confirmed the pathologic role of B-cells in this model. The accumulation of
inflammatory cells and hemorrhage starts within a week of pristane injection, when an
increase of serum 1gG is not apparent and is too early for an adaptive B-cell response. In the
absence of B cells, very few immune cells were found in the lungs of pristane-treated B6
mice (data not shown). Also, no immune complexes or complement deposition was detected
in the lungs of pristane-treated B6 mice (data not shown). Although this aspect was not
extensively examined, transfer of serum from mice with DAH to naive mice did not induce
DAH. All these data suggest that the B cells contribute to the DAH via non-antibody
mediated functions such as production of proinflammatory cytokines and chemokines to
recruit monocytes and neutrophils or via antigen-presentation function and costimulation of
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other immune cells (34, 37). It remains to be clarified whether B cells play a direct or
indirect role in the recruitment of the inflammatory cells to the lungs and initiation of
hemorrhage in this model.

The pro-inflammatory role of B-cells in DAH, suggested in the current study is also
consistent with recent reports on successful treatment of cases of DAH in SLE by B cell
depletion therapy using Rituxan (Rituximab) (38-40). Since the effects of Rituximab are
rapid, far before any possible effect on the levels of circulating autoantibodies, it has been
suggested that the main mechanism of work is via control of antigen presenting function, B-
cell cytokine stimulation, and T-cell activation (40). While targeting B cells seems to be a
potentially attractive therapy, they represent a minor population found within the
hemorrhagic lungs of both SLE patients and B6 mice. Nevertheless, B-cell depleting therapy
may be considered as a potential treatment option based on the pathogenic role of B-cells
shown in the current study and a few reports of successful treatment of alveolar hemorrhage
in SLE (2, 38-40).

In summary, the present study establishes the pristane-induced DAH in B6 mice as a
suitable animal model to study the pathogenesis of alveolar hemorrhage. This model exhibits
immunopathologic features that closely resemble what are seen in human SLE patients and
will be useful to obtain a better understanding of the pathogenesis of DAH. Nevertheless, it
should be noted that most mice survive and recover from DAH in this model, different from
DAH in human SLE. This could be a potential limitation when testing new treatment for
DAH using this model. Based on our data, we would propose the following model.
Intraperitoneal injection of pristane provokes a relatively rapid and potent response by cells
of the innate immune system in genetically susceptible B6 or B10 mice, but the pathways
stimulating these cells are distinct from those regulating the migration of immature
monocytes to the peritoneal cavity. The severity and recovery from this insult by the innate
immune system is dependent upon the adaptive immune response, with B cells providing
pro-inflammatory APCs that enhance and prolong the response. T cells play a more
complicated role, with a normal regulatory T cell response being blunted or delayed by the
pro-inflammatory B cells. The basis for the greater susceptibility of B6/B10 mice remains
unclear and could be due to cells of hematopoietic or non-hematopoietic origin. Our model
leads to a number of testable hypotheses that will be the target of future experiments that
should shed light on a lethal and poorly understood complication of SLE.
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Figurel.

Survival curves of C57BL/6 and BALB/cBYyJ mice after pristane treatment. Survival curves
for C57BL/6 (left, 3 groups, n =7, 11, and 12) and BALB/cByJ (right, 3 groups, n = 11, 10,

and 10) mice following a single 0.5 ml intraperitoneal injection of pristane are shown.
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Figure 2.
Pathology of lung, spleen, liver, and kidneys. A. Lung pathology of untreated vs. pristane-

treated C57BL/6 (B6) and BALB/c mice. Representative gross pathology and H&E stained
tissue sections of lungs from untreated (top) or pristane-treated (bottom) C57BL/6 (left) and
BALBY/c (right) mice are shown (200x magnification). BALB/c (n=7) and C57BL/6 (n=24)
mice received a single 0.5ml i.p. injection of pristane. B. Histology of the spleen, liver and
kidneys from pristane-treated and untreated control C57BL/6 mice. Tissues were harvested
from mice that received an i.p. injection of pristane 14 days earlier or left untreated (200x
magnification, H&E).
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Figure 3.
Time course of pristane-induced alveolar hemorrhage. A. Incidence and types of gross

pathology. C57BL/6 mice received a single intraperitoneal injection of pristane. Lungs were
examined at day O (untreated, n =7), day 1 (n =9), day 3 (h =11), day 7 (n = 12), day 14 (n
=24), and day 28 (n = 7). Lung gross pathology was classified into no hemorrhage, partial
hemorrhage, and complete hemorrhage. B. Pathology of lung tissue from pristane-treated
C57BL/6 mice over time. Representative hematoxylin-eosin staining of lung tissues from
pristane-treated mice at untreated (day 0), day 1, day 3, day 7, and day 14 are shown
(original magnification 200x).
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Flow cytometry analysis of cells in the bronchoalveolar lavage fluid of pristane treated B6
mice. B6 mice were either left untreated (day 0, n=4) or were injected with 0.5ml of pristane
intraperitoneally and had their lungs lavaged after 1 day (n=3), 3 days (n=3), 7 days (n=5) or
14 days (n=11). Percentage of Ly6C!® monocytes (A), Ly6g* granulocytes (B), Ly6Chi
monocytes (C), CD19" B cells (D), CD4* T cells (E) and CD8* T cells (F) are shown. P
values between different time points were by Mann-Whitney U-test.
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Figureb5.
Role of T-cells and B-cells in pristane-induced alveolar hemorrhage. A. Prevalence of

alveolar hemorrhage in wild-type C57BL/6, B6 RAG17-, B6 TCR™-, and B6 Igu™" mice.
Lungs from C57BL/6 (n = 24), B6 RAG1”" (n=14), B6 TCR"" (n=6) and B6 Igu™~ (n=15)
mice 14days after pristane treatment were examined. 1, P = 0.01 for complete hemorrhage
and P = 0.06 for any hemorrhage, 2, B6 vs. B6 Igu”-, P < 0.0001 by Fisher’s exact test. B.
Prevalence of alveolar hemorrhage in B6 RAG1”- mice reconstituted with T-cells. B6
RAG17- mice were reconstituted with 10x108 wild type B6 splenic total T cells (n=7),
10x108 B6 CD8* (n=5) or 10x108 B6 CD4" spleen cells (n=12), 3 days prior to pristane
treatment. Lungs were examined 14 days after i.p. pristane injection. 3, B6 Ragl™”" + B6
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CD4* and CD8" vs. B6 Ragl™" + B6 CD4™, P = 0.04; 4, B6 Ragl™" vs. B6 Ragl™ + B6
CD4*, P = 0.051 by Fisher’s exact test. C. Effects of B-cell reconstitution in B6 Igu”" mice
on alveolar hemorrhage. B-cells were reconstituted in B6 Igu”- mice by intravenous transfer
of CD19* splenic B cells from wild-type B6 donors (20x10%/recipient) 3 days prior to
pristane injection. B6 Igu’-(n=15) and B-cell reconstituted B6 Igu" mice (n = 12) received
asingle i.p. injection of pristane and lungs were examined 14 days later. ; 5, B6 Igu™- vs. B6
Ign’- + B6 CD19*, P = 0.028 for complete hemorrhage and P = 0.024 for any hemorrhage
by Fisher’s exact test.
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Table 1

Mortality of non-autoimmune strains of mice following pristane injection

Mortality (%) after pristaneinjection

Strain n  0-2weeks 2-4weeks 4-16 weeks
BALB/cByJ 31 0 0 0
BALB/cJ 12 0 0 0
C57BL/6J 30 3 10 0
B6 CH2bm12 12 0 42 0
C57BLA 25 0 13 0
B10.S 15 0 12 0
DBA/1] 16 0 0 0
C3H/HeJ 16 0 0 0
C3H/HeOuwJ 16 0 0 0
C3HeB/Fel 8 0 0 0
A.SW 8 0 0 0
SJLA 8 0 0 0
CBA/Cal 24 0 0 0
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