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Hydrocarbon oils, such as 2,6,10,14-tetramethylpentadecane (TMPD) and Hexadecane, 

are alkanes present in crude oil, food and in mineral oils used in cosmetics, laxatives, and 

food-coatings.  Individuals exposed to TMPD have increased inflammatory diseases.  To 

understand the pathogenesis of TMPD-induced inflammation, investigators have 

administered TMPD intraperitoneally (ip) to animals that develop autoantibodies, 

nephritis, arthritis, pneumonitis, and diffuse pulmonary hemorrhage (DPH) depending on 

animals’ genetic background.  We established disease assessment methods, dose 

response, routes of exposure, and evaluated immune cells’ role in pathogenesis of 

TMPD-induced inflammation.  Compared to none of controls, 73% of C57Bl/6 mice given 

TMPD (500 μl, ip) exhibited weight-loss, and pneumonitis, vasculitis and/or DPH.  We 

established clinical (20% weight-loss), semi-quantitative, and quantitative assessments 
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of TMPD-DPH.  DPH/pneumonitis rates were much decreased at lower doses (250-125 

μl, ip) of TMPD.  However, oropharyngeal aspiration of as low as 6 μl TMPD caused rapid 

morbidity/mortality, with increased serum creatinine kinase, aspartate aminotransferase, 

and pneumonitis; 75% animals survived 4 μl-dose and exhibited pneumonitis/DPH. All 

immune cells tested were abnormal in diseased lungs at 2-weeks post-TMPD (500 μl, ip).  

At Day 7, prior to histopathological changes, while both Hexadecane and TMPD caused 

myeloid cell abnormalities, only TMPD caused lung-infiltration with B-cells that expressed 

B1 subset markers: CD19+CD11b+/CD19+CD5+.  Such B1-cells were simultaneously 

reduced in their usual location (peritoneal cavity).  CD19-/- mice that have less B1-cells 

have less DPH with ip TMPD than wildtype mice.  Adoptive transfer of CD45.1+ wildtype 

peritoneal-fluid cells into the peritoneum of CD45.2+CD19-/- recipients led to lung-

infiltration with CD45.1+ B-cells and more DPH/pneumonitis than CD19-/- recipients 

reconstituted with CD19-/- B-cells.  Furthermore, ip TMPD induced in the lungs a 

differential expression of a set of immune/inflammatory genes including chemokine 

Cxcl13 that is known to drive B1 B- cells’ migration.  However, pneumonitis/DPH 

development was independent of B-cells, when the lungs were directly exposed to TMPD 

via oropharyngeal aspiration.  Thus, a systemic (ip) exposure to TMPD induces B1 B-

cells to traffic from the peritoneum to the lungs and cause pneumonitis/DPH.  Our 

observations have implications for chemically-induced inflammation, and DPH that is 

often a fatal complication in humans with inflammatory diseases and upon exposure to 

pesticides/cocaine. 
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INTRODUCTION and BACKGROUND 
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Diffuse pulmonary hemorrhage (DPH) is a distinct clinicopathologic syndrome of lung 

hemorrhage, inflammation, vasculitis, and acute respiratory failure. It occurs in patients 

with inflammatory disorders such as lupus, exposure to toxic substances (isocyanates, 

trimellitic anhydrides, and certain pesticides), recreational drugs (crack cocaine), 

medications (chemotherapeutic agents, propylthiouracil, and diphenylhydantoin), and 

organ transplantation [1]. DPH is without any effective treatment and is associated with a 

high mortality [2]. Advances in the treatment of DPH have been hampered because of the 

heterogeneity of clinical findings and the lack of suitable model systems until recently 

when two laboratories reported the induction of DPH in C57BL/6 (B6) and C57BL/10 

(B10) mice upon an intraperitoneal (ip) injection of 2,6,10,14-tetramethylpentadecane 

(TMPD), also known as pristane [3, 4]. Pathologically, TMPD-induced DPH (TMPD-DPH) 

mimics DPH in humans. Hence, investigations into mechanisms of TMPD-DPH may 

elucidate the pathogenesis of DPH caused by toxic substances and inflammatory 

diseases. 

Hydrocarbon oils as candidate environmental agents in the etiology of DPH:  

TMPD (C19H40) is an isoprenoid alkane present in crude oils and as a major 

component of mineral oil [5]. TMPD is a byproduct of the fractional distillation of petroleum 

[6]. Medicinal mineral oils are used as laxatives, protective coatings for foods, and in 

cosmetics. Canned sardines contain up to 370 mg/kg and white bread up to 550 mg/kg 

of mineral oil [7, 8]. TMPD is also found in many plants and marine organisms [9]. The 

concentration of TMPD in 55 common fruits and vegetables was assessed by quantitative 

gas-liquid chromatography. The highest content was observed in parsley which contained 

124.0 μg per gram of fresh sample; TMPD levels within the remaining 54 foodstuffs 
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(included tomatoes, strawberries, avocado, mushrooms) analyzed ranged from 0.02 to 

1.70 μg of TMPD per gram of fresh sample. The amounts of TMPD in average serving 

sizes of representative samples ranged from 1.5 to 107.0 μg [10].  

Dietary exposure to mineral oil is estimated at 9−45 grams per year, some of which 

is absorbed through the intestine [11]. Thus, people can get exposed to fairly large 

amounts of TMPD through various sources. In fact, a community comparison study from 

New Mexico showed that people living near an oil field waste site with increased levels of 

TMPD in house dust, had an increased prevalence of immune inflammatory disorders as 

compared to unexposed population [12]. Therefore, animal observations showing that a 

single ip injection of TMPD induces autoantibodies in otherwise healthy strains of mice 

[13], exacerbates autoimmune disorder in genetically autoimmune-prone strains, and 

induces DPH in B6 and B10 mice, provides an important opportunity to investigate the 

role of environment and gene-environment interactions in the pathogenesis of 

inflammation associated DPH. Other researchers, and my mentor’s laboratory has shown 

that TMPD induces a different type of inflammatory disorder in different mouse strains, 

thus providing a model system whereby the same inciting environmental agent induces a 

different clinical syndrome in different genetic backgrounds [14-18].  

We used Hexadecane (C16H34, hex) as a control oil, since like TMPD it is also a 

component of medicinal mineral oils. In a previous study, a single ip injection of 0.5 ml of 

Hex in BALB/cJ mice (3 months old, females) induced chronic peritoneal inflammation 

[19]. All hex-injected mice developed massive ascites within 2–2.5 months, but none of 

the TMPD-injected nor the untreated mice developed ascites. The number of peritoneal 

cells increased �10-fold over controls. These cells were predominantly CD11b+Gr1+ 
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mature neutrophils (�60%) and macrophages [19].  Thus, Hex induces a different type of 

immune/inflammatory response compared to TMPD. In our studies, none of the Hex 

exposed young B6 mice developed any lung hemorrhage.  

Given the lack of understanding of pathogenesis of potentially fatal vasculitides 

and DPH, TMPD-DPH provides a unique opportunity to better understand the early 

pathogenetic events, since the exact timing of the inciting agent is known as compared 

to human studies where the exact timing of pathogenetic events cannot be determined.  

Relevance and Implications of the Route of Administration and Dose of TMPD:  

Humans are exposed to hydrocarbon oils via ingestion (foods, medications), 

inhalation (diesel exhaust, oil mists, aspiration of ingested mineral oil), skin absorption 

(cosmetics, skin contact with oils or fuels), or injection (immunization) [7-9, 11, 12]. It is 

not clear whether nonperitoneal exposure to hydrocarbons can induce immune 

dysregulation. However, such exposure has been shown to cause an intense 

inflammatory reaction (lipogranulomas) in the lungs, liver, and lymph nodes of individuals 

[20, 21]. Moreover, ingested mineral oil is absorbed through the intestine and becomes 

distributed throughout the body [20, 21].  

Although, a single dose of 0.5 ml via ip route, given to mice is quite large, humans 

can be exposed to considerable quantities of hydrocarbon oils over the course of a 

lifetime. It has been estimated that an average person living in a developed country 

ingests 45 grams of mineral oil per year in food. Individuals using mineral oil chronically 

as a laxative have much greater exposure [11]. At the recommended dose of 1–3 

tablespoons (15-45 ml) per day, exposure may be as high as 0.75 ml/kg/day for a 60-kg 

person, or the equivalent of 20μl/day in a mouse weighing 26.7 grams. On a kg-per-kg 
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basis, the ip dose given to the mice in these studies is comparable to that of a human 

ingesting mineral oil as a laxative for 25 days [22]. 

In rats, dose response studies indicated that a low dose of 30 μg of TMPD 

(administered as a single ip injection or via diet during 1 week) per gram of bodyweight 

elicits significant biological responses [23], [10]. 

There are no published studies, to the best of our knowledge, which show whether 

exposure TMPD or Hex via oral/tracheal routes causes lung disease in animals. 

TMPD Metabolism and Adsorption:  

In the environment TMPD a branched-chain alkane is hardly biodegradable 

compared to n-alkanes such as hex [24]. Although the fatty acid oxidation scheme works 

neatly for even-numbered chain lengths, it cannot work completely for fatty acids that 

contain an odd number of carbons, β-oxidation of these compounds leads to propionyl-

CoA and acetyl-CoA, rather than to two acetyl-CoA at the final step, this may be a factor 

for the different biological responses to different hydrocarbon oils.  

The fate of TMPD has been studied in rats after a single per os administration of 

3H-labeled TMPD. The study showed an extensive fecal excretion (66%) mainly as 

unchanged hydrocarbon, whereas about 14% of ingested TMPD was excreted in urine 

as TMPD metabolites and tritiated water. After one week, 8.3% of the ingested 3H still 

was stored in the carcass, and radioactive distribution in tissues and organs showed a 

preferential incorporation into adipose tissue and liver. Over 75% of the radioactivity 

stored in the carcass was associated with TMPD/pristane metabolites and tritiated water. 

Tissue metabolites were characterized by thin layer chromatography, gas 

chromatography and mass spectrometric analyses. Four metabolites were identified: 
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pristan-1-ol, pristane-2-ol, pristanic acid and 4,8,12-trimethyltridecanoic acid. This study 

showed that TMPD undergoes subterminal hydroxylation or terminal oxidation followed 

by the classical beta-oxidation process [25].  

In a recent study, tissue distribution of TMPD was examined by mass spectrometry 

and showed that TMPD (ip, 0.5 ml) migrated to the lungs and bone marrow in B6 mice 

[26]. Lung tissue and bone marrow was extracted 7 days after TMPD-injection and 

analyzed by mass spectrometry. A TMPD standard yielded the characteristic 

fragmentation pattern of four molecular ion peaks. The four characteristic peaks were 

seen in lung tissue of TMPD-injected B6 mice, but not untreated B6 mice. To confirm the 

presence of TMPD in the lung, cryosections of lung tissue from TMPD-injected mice were 

stained with oil red O, revealing numerous oil red O–positive droplets within the alveolar 

walls, and were absent in lungs from untreated mice, consistent with the mass 

spectrometry data. Peritoneal TMPD-injection also causes bone marrow inflammation in 

mice [27], and TMPD was detected by mass spectrometry in bone marrow of TMPD-

injected B6 mice, but not in bone marrow of untreated B6 mice, which suggests that the 

oil was widely dispersed following an ip injection [26]. 

The excretion routes and tissue distribution of [3H] TMPD were measured in 

rainbow trout after a single intragastric dose (0.1 mg). This branched-alkane was quickly 

and largely absorbed. The study showed that the major routes of excretion were fecal 

(40.4% of the dose) and bronchial (39.6%). In feces radioactivity was exclusively due to 

[3H] TMPD, whereas 3H resulting from gill excretion was principally associated with 

tritiated water. Only 2.6% of the radioactivity was cleared via the kidneys and found in the 

urine as metabolites. After 48 hours, no hydrocarbon accumulation was observed in 
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gallbladder, while in liver and fat, respectively, 69 and 34% of the radioactivity originated 

from TMPD, the rest of the labeling being mostly associated with lipid components [28]. 

A previous study showed the normal tissue-associated levels of TMPD in 

Copenhagen rats during ontogeny and adult life to address whether dietary TMPD can 

be adsorbed from the gut and disseminated throughout the body. During this study, the 

possible effects of dietary TMPD on chromatin conformation of lymphoid cells were also 

examined by flow cytometry. The data indicated that 1) TMPD crossed the placenta and 

accumulated in fetal tissues, 2) neonates were exposed to TMPD via the colostrum, 3) 

there were significant increases in the amount of tissue-associated TMPD in young 

adults and subsequent redistribution of the TMPD to the muscle and adipose tissues in 

older rats and 4) after dietary exposure, significantly elevated levels of TMPD were 

associated with the tissues and concomitant changes in chromatin conformation were 

observed. Collectively, these results suggest that TMPD can be adsorbed from dietary 

sources and disseminated to the tissues, and can exert a transient, yet marked effect 

on lymphoid cells in rodents [29]. 

TMPD-DPH model to investigate the pathogenesis of DPH:    

Pathogenesis of DPH is unclear. Advances in the pathogenesis of DPH have been 

hampered due to the heterogeneity of clinical findings, a paucity of access to clinical 

tissues from early stages of disease, and the lack of suitable animal models. Thus, the 

discovery of TMPD-DPH provides a model system to study DPH pathogenesis [3, 4]. 

Using this model, the prevalence of DPH was lower in Rag1-/- B6 mice than in wild-type 

(WT) B6 controls, although 50% of Rag1-/- mice did develop DPH. This suggests that DPH 

can develop in the absence of T and B cells, although they may play a role in promoting 



 8 

DPH. Interestingly, B6 Igµ-/- mice that do not have any B cells had a strikingly reduced 

prevalence of DPH (7% vs 84% in WT B6), and reconstitution of B6 Igµ-/- mice with wild-

type splenic B cells increased the DPH prevalence to 50%, thereby suggesting a possible 

role of B cells in development of DPH [4]. However, no immune complexes or complement 

deposition was detected in the DPH lungs. Furthermore, the transfer of serum from DPH 

mice to naive mice did not induce DPH, although the sample size was too small in this 

experiment [4].  

A community study from New Mexico showed that people living near an oil field 

waste site with increased levels of TMPD in house dust had increased proportions of 

CD19+ B cells in their peripheral blood compared to the control population [12]. 

Furthermore, my mentor’s lab reported an increase in marginal zone B (MZB) cells, and 

immunoglobulin isotypes produced by these MZB cells in BALB/c mice injected with 

TMPD [30].  

MZB cells and another B cell type, called, B1 B cells, provide an initial and prompt 

antibody response, mainly to T cell-independent antigens. Due to their anatomical 

location, these B cells are the first cell populations to encounter antigens acquired through 

the peritoneum and blood stream [31], [32]. B1 B cells are innate-like lymphocytes that 

generate natural antibodies with important functions in tissue homeostasis and immune 

defense. While B1 B cell frequencies in secondary lymphoid tissues are low, relative high 

frequencies are found within peritoneal and pleural cavities of mice [33]. Guided by our 

preliminary data, we focused on these cells in our studies.  

B1b cells express Mac-1 (CD11b/CD18), a leukocyte adhesion molecule that is 

also expressed on many myeloid cell types. Mac-1 plays a role in inflammation by 
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regulating migration of leukocytes into injured tissue. A recent study showed that 

depletion of neutrophils and eosinophils or adoptive transfer of classically activated 

macrophages resulted in the exacerbation of TMPD-DPH in both WT and Mac-1-/- B6 

mice. However, the peritoneal transfer of F4/80hiMMR+ (mannose receptor) alternatively 

activated macrophages reduced the prevalence of DPH in WT mice. Thus, Mac-1 can 

promote acute inflammatory responses in the peritoneal cavity and lungs by 

downregulating granulocyte migration and subsequent phenotypic conversion of 

macrophages in the TMPD-lupus model [34]. Relevant to our study, the Mac-1 effects 

attributed to myeloid cells in previous studies, could be owing, at least in part, to Mac-1 

expression and function in B1 B cells.  

Induction of DPH is independent of toll-like receptors, inflammasomes, and 

inducible nitric oxide. Mortality is increased in interleukin-10 (IL-10)-deficient mice, and 

TMPD treatment decreased IL-10 receptor expression in monocytes and STAT-3 

phosphorylation in lung macrophages. In vivo neutrophil depletion was not protective, 

while treatment with clodronate liposomes prevented DPH, which suggests that 

macrophage activation plays a role in DPH pathogenesis [26].  

B cell-deficient mice were resistant to induction of DPH, but susceptibility was 

restored by infusing IgM. C3-/- and CD18-/- mice were also resistant to DPH. A recent 

study suggested that the development of DPH involves opsonization of dead cells by 

natural IgM and complement followed by complement receptor-mediated lung 

inflammation [35].  

Roles of B cells in vascular inflammation are not well defined. In atherosclerosis, 

a chronic inflammatory disease of the arterial wall, B1 cells are believed to secrete 
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protective IgM antibodies that act as scavenger of deleterious molecules whereas B2 

lymphocytes probably worsen the disease by activating pro-inflammatory T lymphocytes 

[36]. In summary, little is known about the role of innate B cells in vascular inflammation, 

and their role is not known in DPH.  

Role of CD19 in B Cells and CD19-/- Mice: 

CD19 is a type I one-pass transmembrane protein with a highly conserved, 242 

amino acid cytoplasmic domain that includes multiple tyrosine residues which are 

associated signaling kinases and molecules.  CD19 is present on B cell surface and 

regulates signaling thresholds for B cell receptors that regulate B lymphocyte selection, 

activation, and differentiation [37].  CD19 is critically involved in establishing intrinsic B 

cell signaling thresholds through modulating both B cell receptor-dependent and 

independent signaling. Through studies of CD19 transgenic and knockout mouse models, 

it becomes clear that CD19 plays a critical role in maintaining the balance between 

humoral, antigen-induced response and tolerance induction [37]. 

CD19 potentiates signals from the B cell receptor (BCR), which results in 

phosphoinositide 3-kinase (P13K) activation, and subsequent serine/threonine kinase Akt 

phosphorylation [38, 39]. In the absence of CD19, Akt kinase activity is reduced and is 

transient. In addition, coligation of CD19 with surface immunoglobulin leads to augmented 

Akt activity in a dose-dependent manner. Thus, CD19 is a key regulator of Akt activity in 

B-cells; as such it may contribute to pre-BCR or BCR-mediated cell survival in vivo [39]. 

In addition, there is diminished Akt phosphorylation in CD19-/- B cells following low dose 

anti-IgM stimulation compared to WT B cells [38], [39]. 
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CD19-deficient mice were generated to examine the role of CD19 in B cell growth 

regulation in vivo. Deletion of CD19 had no deleterious effects on the generation of B 

cells in the bone marrow, but there was a significant reduction in the number of B cells in 

peripheral lymphoid tissues. B cells from CD19-deficient mice exhibited markedly 

decreased proliferative responses to mitogens, and serum immunoglobulin levels were 

also significantly decreased [40]. In contrast, transgenic mice overexpressing CD19 

(hCD19Tg) had significant defects in early B cell development in the bone marrow, 

augmented mitogenic responses, and increased serum immunoglobulin levels. These 

experiments indicate that CD19 functions to define signaling thresholds for cell surface 

receptors that regulate B lymphocyte selection, activation, and differentiation [40]. 

To selectively modify genes in B lymphocytes, Rickert et al. generated mice 

(designated CD19-/- (Cre); B6 background) which express cre under the transcriptional 

control of the B lineage-restricted CD19 gene. In a model system involving the cross of 

CD19-/- (Cre) mice with mice bearing a loxP-flanked substrate, they found a deletion 

efficiency of 75–80% in bone marrow-derived pre-B cells and 90–95% in splenic B cells 

[41]. We have used these CD19-/- (Cre) mice to study the pathogenesis of TMPD-DPH. 

The B-1 subpopulation of B lymphocytes is particularly sensitive to CD19 

regulation, since their development is severely decreased in CD19-/- mice. Specifically, 

development of CD5+  B cells was severely decreased in CD19-/- mice [42]. The 

frequencies of peritoneal B-1a and B-1b cells were clearly different between CD19-/- B6, 

WT B6, and hCD19Tg mice when CD5 expression was used to differentiate peritoneal 

B1a (CD5+CD11b+) and B1b (CD5−CD11b+) cells. Although the peritoneal CD11b+ B 
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cell population exhibited an IgMhi phenotype in all mice, the vast majority of 

CD11b+B220+ cells were CD5− in CD19-/- mice [43].  

The CD19-/- mouse model has been utilized to study atopic dermatitis, skin and 

lung fibrosis [44, 45]. Suppressed allergic skin inflammation in CD19-/- mice is likely due 

to the decreased B-cell numbers and/or impaired proliferation capacity of B cells, 

and reduced peritoneal B1a cells may decrease IL-17 secretion [44]. 

 CD19 deficiency inhibited the development of skin and lung fibrosis, 

and autoantibody production by inhibiting TLR4 signals in a bleomycin-induced 

scleroderma model. B-cell activation contributes to downstream inflammatory infiltration 

of other immune cells. CD19 deficiency inhibited the production of Th1, Th2 cytokines 

and TGF-β1 (except TNF-α), suppressed mast cell and macrophage infiltration [45]. Thus, 

CD19-deficiency might affect the development of immune inflammatory diseases via its 

multiple roles in B cell development and phenotype and in its secondary effects on other 

immune cells.  

TMPD-DPH model, Immune gene responses and Role of MicroRNAs: 

When we started this research project, there was no published study on the 

immune response genes or microRNAs in the TMPD-DPH model. In 2014, we performed 

a microarray analysis on lungs from PBS/TMPD/Hex-injected mice, and identified a 

cohort of differentially expressed genes, two of which could be involved in the trafficking 

of B1 B cells to the lung. In 2016, a study reported that MicroRNA-155 (miR-155) 

expression was significantly increased during the development of DPH. Disease 

progression was reduced in miR- 155-/- mice as well as by in vivo silencing of miR-155 

using a miR-155 antagomir. In the process of TMPD-DPH, elevated miR-155 
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downregulated the expression of BCL6 (B-cell lymphoma 6 protein), SOCS1 (suppressor 

of cytokine signaling 1), and anti-inflammatory factor PPARα (peroxisome proliferator-

activated receptor α), resulting in the ectopic activation of NF-KB (nuclear factor kappa-

light-chain-enhancer of activated B cells) signaling pathway. Consequently, various 

inflammatory cytokines, such as IL-6 and TNF (tumor necrosis factor) are aberrantly 

overexpressed, which leads to a severe inflammation in lung tissues [46]. 

In vitro Studies with Hydrocarbon Oils:  

Hydrocarbon oils TMPD and hex triggered the release of inflammatory cytokines 

IL-1a and IL-1b via inflammasome-dependent and -independent mechanisms, 

respectively [47]. In rat splenocytes and human cell line THP-1 cells (peripheral blood 

monocytes), IL-1a was found in the supernatants of cells treated with oil-beta cyclodextrin 

(b-CyD) complexes; the TMPD-complexes triggered more IL-1a release than hex-

complexes. In THP-1 cells, direct treatment with TMPD increased release of IL-1b/proIL-

1ß into the cellular supernatants, whereas direct exposure to hex did not. In rat 

splenocytes, direct application of the oils led to rapid cell death and did not increase IL-

1b levels at all.  

TMPD is a powerful inducer of apoptosis in cultured lymphoid cells, such as 

BW5147 (murine), Jurkat (human T cell lymphoma), and U266 (human myeloma) cells , 

and in freshly isolated murine peritoneal cells [48]. A previous study confirmed that 

TMPD-induced apoptosis is not due to b-CyD alone or a b-CyD emulsion containing hex, 

because no apoptosis was induced under either of these culture conditions. TMPD 

induced apoptosis in murine peritoneal cells in vivo, thus providing a potential mechanism 

by which a break in self-tolerance may occur in TMPD-induced lupus [48].  
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Cell death induced by hydrocarbon oils may initially generate the 

autoimmunogenic substrates responsible for the break of self-tolerance. The 

chronification of this process, most likely by an insufficient clearance may ultimately lead 

to the development of lupus-like or arthritogenic autoimmunity [47, 48].  

Potentially, there may be differences in transmembrane transport of TMPD or 

permeability to this oil among dendritic cells (DCs), B cells, T cells, and monocytes, which 

may explain their differential susceptibilities to undergo apoptosis [48].  

In studies using nuclear magnetic resonance imaging of TMPD uptake into lipid 

bilayers, it was shown that TMPD localizes to the hydrophobic compartment of the cell 

membrane [49]. It is therefore possible that TMPD may induce its early apoptotic effects 

by an indirect, passive, nonreceptor-mediated mechanism, causing changes in the 

biophysical properties of the membrane bilayers. However, one would expect that other 

alkanes, such as hex, should elicit similar cellular changes as TMPD, but it did not [48].  

Significance:  

There is minimal knowledge about the pathogenesis of DPH, a potentially fatal 

pulmonary condition that occurs due to exposure to environmental agents, recreational 

drugs, medications, autoimmune diseases and organ transplantation. The use of the 

induced DPH model permits investigations into the early pathogenetic events, which 

would otherwise not be possible using genetically susceptible models or human samples 

from diseased tissues.  

Identification of specific immune abnormalities in the animal model may pave the 

way for their manipulation as novel therapeutic strategies for pulmonary hemorrhage and 

inflammation and related diseases.  Depletion of B cells using rituximab is FDA approved 

to treat patients with vasculitis (Wegeners granulomatosis) that is known to cause DPH, 
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and rituximab is being used as an off-label treatment in other patients with DPH.  Our 

novel findings demonstrating the role of one subset of B cells, B1 B cells, which is a 

numerically small subpopulation of B cells, paves the way for further studies to target B1 

B cells, instead of current treatment with rituximab that indiscriminately targets all B cells. 

Furthermore, we identify the trafficking of innate B1 B cells from the peritoneum to the 

lungs as a specific, novel mechanism by which B1 B cells contribute to the development 

of lung inflammation and hemorrhage. Thus, future development of strategies to target 

this specific mechanism would lead to novel, highly specific treatments for these 

diseases.  Our preliminary gene expression data identify specific chemokines which might 

be involved in the trafficking of B1 B cells to the lungs.   

Intriguingly, TMPD is known to induce different pathologies (arthritis, nephritis, 

hepatitis, DPH, and plasmacytomas) in different genetically inbred strains of mice. This 

provides an opportunity to investigate gene-environment interactions in the pathogenesis 

of complex autoimmune and inflammatory diseases.  

Our data add to the existing reports from other laboratories that exposure to 

hydrocarbon oils results in many changes in immune cells in different organs. Thus, 

investigations into immune effects of oils may identify, hitherto undiscovered effects of 

hydrocarbon oils on immunity, which may have broader implications for the role of 

exposure to hydrocarbon oils in various diseases. Our finding that the direct exposure of 

lungs to very low doses of hydrocarbon oil can elicit dramatic pathological changes in the 

lungs with early morbidity and even mortality has enormous implications for hydrocarbon 

oil as an environmental pollutant.   
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Innovation:  

In this study, we have made several novel contributions: First, this study 

demonstrates the role of innate B1 B cells in the development of pneumonitis and DPH. 

Second, the trafficking of innate B1 B cells from the peritoneum to the lung tissue in the 

pathogenesis of pneumonitis and DPH has not been reported previously, to the best of 

our knowledge. Third, direct lung exposure to low doses (4 µl) of hydrocarbon oils such 

as TMPD and hexadecane via oropharyngeal aspiration can induce pneumonitis and/or 

DPH. Fourth, oropharyngeal aspiration of hydrocarbon oils in relatively low doses (6 µl to 

40 µl) can induce acute toxicity with elevated muscle and liver enzymes including early 

mortality. Finally, we have established a clinical parameter that can predict the 

development of DPH, and developed semi-quantitative and quantitative measures of DPH 

severity, which would be helpful in future studies of pneumonitis and DPH in animal 

models.  

In summary, our novel findings in this animal model form the basis to investigate 

the role of trafficking of B1/B1-like B cells to the lungs in humans with DPH and 

inflammatory lung diseases. Our results also highlight the need to investigate the role of 

hydrocarbon oil as important environmental pollutants in the pathogenesis of human 

inflammatory diseases, especially when individuals are acutely exposed to hydrocarbon 

oil such as during large oil spills.  
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Hydrocarbon Oil Induced Lung Inflammation and Diffuse Pulmonary Hemorrhage: 

 
Characterization and Assessment of Disease using Clinical, Semi-quantitative, 

and Quantitative Measures  
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ABSTRACT 

When we started this project, there were only two publications on TMPD-induced lung 

inflammation and hemorrhage.  We established the TMPD-induced pneumonitis and DPH 

mouse model in our laboratory and performed a detailed clinico-pathological 

characterization of the model. Compared to none of the controls [control oil hexadecane 

or PBS (500 μl, ip), sham-injected or unmanipulated; n=50], 73% of TMPD-exposed (500 

μl, ip; n=62) young C57BL/6 mice developed DPH/pneumonitis/vasculitis after 10-30 days 

of exposure.  To investigate the long-term effects of hydrocarbon oils, we monitored 

TMPD-injected animals that do not develop DPH within four weeks for a longer term and 

monitored animals injected with another hydrocarbon oil hexadecane for up to 11 months.  

33% of the hexadecane-exposed mice developed ascites and mild lung inflammation but 

no hemorrhage and no obvious pathology in kidney, spleen, liver, and intestines. 

Analyses of data in all animals revealed that 20% weight loss correlates with the presence 

of DPH.  We also developed semi-quantitative scoring of inflammation and hemorrhage 

and a quantitative measurement of DPH by eosin-stained lung area to assess DPH 

severity.  In summary, TMPD induces DPH as early as 10 days post-exposure, whereas 

another hydrocarbon oil hexadecane does not induce DPH up to 11 months after a single 

large exposure.  Furthermore, the recognition of weight loss as a clinical parameter to 

predict the presence of DPH as well as semi-quantitative and quantitative measurements 

to assess DPH severity would be helpful in future studies to manipulate TMPD-induced 

pneumonitis and DPH.  
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INTRODUCTION 

Exposure to hydrocarbon oils such as 2,6,10,14-tetramethylpentadecane (TMPD) 

and hexadecane (Hex) that are found in crude/petroleum oils as well as in plants and 

other organisms, food items, cosmetics, and laxatives can cause inflammatory diseases 

in humans and animals. TMPD (C19H40) is an isoprenoid alkane present in crude oils and 

as a major component of mineral oil [5]. Studies by my mentor and others have shown 

that a single intraperitoneal (ip) injection of 0.5 ml of TMPD causes a variety of 

inflammatory diseases in different mouse strains, including diffuse pulmonary 

hemorrhage (DPH) in C57BL/6 (B6) and C57BL/10 (B10) mice [3, 4].  The pathology of 

DPH in animals resembles DPH in humans, which is fatal and has no specific treatment. 

We used Hex (C16H34) as a control oil, since like TMPD it is also a component of 

medicinal mineral oils. In a previous study, a single ip injection of 0.5 ml of Hex in female 

BALB/cJ mice induced chronic peritoneal inflammation, but no lung hemorrhage [19]. 

Thus, Hex induces a different type of immune/inflammatory response compared to TMPD, 

this may be due to the difference in their structures (Figure 2.1) and ability of the body to 

metabolize them.  

In this chapter, we established the animal model in B6 mice in our laboratory to 

investigate the pathogenesis of TMPD upon systemic exposure, performed a detailed 

clinico-pathological characterization of the model, and investigated the short-term and 

long-term effects of hydrocarbon oils TMPD and hexadecane.  

METHODS 

Mice 
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Wild-type C57BL/6J (WT B6; Black 6; Stock No: 000664) mice were purchased from the 

Jackson Laboratory and housed in the UCLA Warren Hall (WAH) Barrier Facility. To 

establish the TMPD-DPH animal model in our laboratory, mice of both sexes, aged 2-6 

months (n=112) were used. For the TMPD dose response experiment: 2 months old male 

mice (n=23) were used. For long term effect of Hex experiment: 2.5 months old (n=6), 3 

months old (n=5) and 4.5 months old (n=4) male mice were used.  

The UCLA Institutional Animal Care and Use Committee, known as the 

Chancellor’s Animal Research Committee (ARC), approved the protocol for this study. 

Dose Administration and Bodyweight Assessment  

TMPD-DPH Animal Model Experiments:  

Control oil (Hex)/ PBS/sham-injected/unmanipulated (n=50), and TMPD-exposed (n=62) 

WT B6 mice were administered 500 μl PBS/Hex/TMPD via ip route under isoflurane 

anesthesia. The day of TMPD administration was Day 0 for each experiment and their 

bodyweight was monitored at different time points for up to 30 days post exposure. 

Hex Long Term Experiment: 

The mice (n=9) were weighed on a scale prior to hexadecane administration. Controls 

were unmanipulated mice (n=6). Under isoflurane anesthesia, the mice were 

administered an ip injection with a 500 μl dose of hexadecane, and the day of hexadecane 

administration was Day 0 for this experiment. The bodyweights of the mice were then 

monitored for eleven months.  

Reagents  

2,6,10,14-Tetramethylpentadecane BioReagent (TMPD, Molecular Weight 268.52, CAS 

Number 1921-70-6), synthetic, liquid, sterile-filtered, purity ≥95% (Sigma-Aldrich Corp., 

St. Louis, MO; Lot Nos. RNBB3307 and RNBB3307V). Hexadecane ReagentPlus®  (Hex, 
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Molecular Weight 226.44, CAS Number 544-76-3) liquid, purity 99% (Sigma-Aldrich 

Corp., St. Louis, MO; Lot No. SHBD2368V). Isoflurane USP (Piramal Healthcare Limited, 

Bethlehem, PA) was used to anesthetize/euthanize the mice. Dulbecco’s Phosphate 

Buffered Saline [DPBS (1X) GibcoÔ; Thermo Fisher Scientific Inc., Waltham, MA] was 

used to perfuse the lungs, and to clean the small and large intestines. Ethyl alcohol 

(Decon Laboratories, King of Prussia, PA) was used to clean the mouse prior to necropsy 

and preserve tissues for histology. Formalin 10% (Fischer Scientific Company LLC, 

Kalamazoo, MI) was used to fix the tissues for histology. 

Necropsy  

Necropsy was performed on those mice that showed a reduction in bodyweight by 20% 

of their initial weight at Day 0. On the day of necropsy, each mouse was placed in a 

chamber that contained isoflurane for 3-5 minutes until it was euthanized. After the mouse 

ceased to breathe, it was taken out of the chamber and placed on a dissection mat. The 

mouse’s body was cleaned with alcohol and its outer skin was cut. Cardiac blood was 

collected for serum analysis. The lungs were perfused via the heart, with DPBS 1X to 

remove the blood from them after the aorta was cut.  

The lungs, liver (left lateral and right medial lobes), spleen, kidney (right), 2 sections each 

of small intestine, and large intestine were fixed in 10% formalin for at least 24 hours. The 

small and large intestine sections were cleaned with DPBS 1X solution before they were 

preserved for histology.  

Histopathological Assessment  

Histopathology was conducted at the UCLA Translational Pathology Core Laboratory 

(TPCL). Tissues were embedded in paraffin. Tissue sections were stained with 
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hematoxylin and eosin (H&E). All slides were examined independently by a pathologist in 

a blinded manner for hemorrhage and inflammation. 

Scoring for Lung Inflammation and Hemorrhage 

Lungs were scored for hemorrhage (hem), and the grading criteria was: grade 0, normal; 

grade 1, minimal hem; grade 2, mild hem; grade 3, moderate hem; grade 4.  Lungs were 

scored for inflammation (inf), and the grading criteria was: grade 0, normal; grade 1, 

minimal inf; grade 2, mild inf; grade 3, moderate inf; grade 4.  severe inf.  Scoring was 

conducted independently by a pathologist in a blinded manner. 

Morphometric Analysis for Quantifying Hemorrhage 

H&E-stained slides were digitized on a ScanScope AT (Leica Biosystems, Inc., Vista, 

CA), and scanned at 40X objective magnification. Morphometric analysis was performed 

with Definiens’ Tissue Studio (Definiens Inc., Parsippany, NJ) to determine the area of 

eosin staining in a non-biased method.  Briefly, a stain specific algorithm was created 

using the pre-defined marker area detection module and classification tool. Thresholds 

were set to classify eosin stain for the entire tissue area. The data were exported to 

Microsoft Excel for further statistical analysis. 

Data Analysis  

Data was analyzed utilizing Microsoft Excel and Prism 6.0 (GraphPad Software, San 

Diego, CA). 

RESULTS 

           To establish the TMPD-DPH model in our laboratory we injected a single dose of 

TMPD/Hex/PBS (0.5 ml, ip) once to B6 mice, and euthanized them at 1, 1.5, 2, 3 and 4 

weeks post injection. At 1-week timepoint, none of the TMPD-injected mice (n=12) had 
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DPH, vasculitis or pneumonitis. We did detect a subtle increase in macrophage infiltration 

in the interstitium of the lungs in 25% of the TMPD-injected mice. There were no 

histopathological changes observed in the bone marrow, spleen, liver and kidney of all 

TMPD or Hex (n=8) or PBS (n=8)-injected mice. At Day 10, 2- weeks, 3-weeks, and 4 

weeks timepoints, while other organs examined, including liver, kidney, and spleen, did 

not show any histopathological changes, 73% of TMPD-injected (n=50) mice but none of 

the controls (PBS/Hex) developed hemorrhage/pneumonitis/vasculitis in lungs (Figures 

2.2 and 2.3). 50% animals succumbed to disease within 4 weeks of TMPD injection. 

To quantify the extent of TMPD-induced disease in animals, we developed and 

used a semi-quantitative scoring system for inflammation and hemorrhage and a 

quantitative measure of DPH by measuring eosin-stained area by morphometric analysis, 

as described in Methods (Figure 2.4). 

To assess the long-term effects of hydrocarbon oils, we monitored animals injected 

with TMPD or hex (500 µl, ip, single dose) and euthanized them when they became 

moribund or 2 months (TMPD) or 11 months (hex-injected or age-matched uninjected 

controls) (Figures 2.5-2.7). Four of six animals lost > 20% bodyweight within 10-14 days 

post-TMPD (500 µl, ip); all had DPH. The two TMPD-injected animals that did not have 

weight loss did not have DPH, when euthanized at 2 months (Figure 2.5).  

Analysis of data from this and other experiments in our laboratory revealed that a 

reduction in body weight by ~20% correlated with the development of DPH in mice (Figure 

2.8). Hence, we used 20% weight loss as a clinical parameter to predict the development 

of DPH. 
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None of the Hex-injected mice lost 20% bodyweight, in contrast 3/9 Hex-injected 

mice gained 20-35% bodyweight 50 days post-Hex injection (Figure 2.5). The three 

animals that gained abnormal amount of weight were diagnosed with ascites, and 

euthanized on Days 52, 58 and 79.  Lung pathology showed minimal inflammation, few 

oil droplets however there was no hemorrhage in the animals that had ascites. The 

remaining six mice were monitored up to 11 months for bodyweight and there was no 

increase/decrease > 20% bodyweight (Figure 2.6). At 11 month timepoint (age 13.5-15.5 

months), both the unmanipulated controls (n=6) and Hex-injected (n=6) animals showed 

similar lung pathology which included minimal lymphocytic infiltrates/focal inflammatory 

cells or a combination of these conditions (Figure 2.7). Oil droplets were present, however 

there was no lung hemorrhage in the Hex-injected animals. Focal, minimal lymphocytic 

infiltrates were present in the liver of both controls and Hex-injected animals. We also 

observed focal, minimal lymphocytic infiltrates in the medulla of kidneys of both controls 

and Hex-injected animals. The spleen and intestines were normal in all the animals. 

Inflammation and fat necrosis was observed outside intestines, liver, kidney, pancreas 

and spleen, if fat was present in tissue sections from Hex-injected animals. Acute and 

chronic granuloma were seen outside intestines in Hex-injected animals.  

DISCUSSION 

Administration of a single dose 500 µl ip TMPD induces DPH in B6 mice within 2 

weeks and 50% mortality within 3-4 weeks, which is consistent with a previous report [4]. 

A relatively rapid development of inflammatory disease makes TMPD-DPH an efficient 

animal model to study mechanisms of autoimmune and inflammatory diseases in the 

laboratory. Furthermore, administration of TMPD (500 µl, ip), has been shown to induce 
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different autoimmune manifestations in different mouse strains [5, 6, 13, 17, 22], making 

this as an excellent model to investigate gene-environment interactions in the 

pathogenesis of autoimmune disease with heterogeneous manifestations such as lupus. 

Furthermore, the establishment of clinical parameter and semi-quantitative and 

quantitative measures in our study would be helpful in future studies to predict the 

presence of DPH and assess its severity, respectively.  

While TMPD induced pneumonitis, vasculitis and DPH within two weeks of 

exposure, hexadecane did not elicit DPH up to 11 months after exposure, although, it did 

cause inflammation in lungs. Hexadecane-exposed mice at 11-months showed no 

evidence of prior hemorrhage since there were no hemosiderin-laden macrophages. 

Instead, 33% of hexadecane injected animals developed peritoneal inflammation and 

ascites, which is similar to a previous study, where a single hexadecane-injection (500 µl, 

ip) in female BALB/cJ mice (3 months old) induced chronic peritoneal inflammation within 

2.5 months, but no lung hemorrhage. Granuloma formation and diffuse inflammatory 

tissue were seen in the peritoneum, diaphragm, liver, and spleen and they concluded that 

ascites resulted from the chronic peritoneal inflammation induced by hexadecane [19].   

 The different effects of the two hydrocarbon oils on lung pathology may be owing 

to their biodegradation properties. TMPD, a branched-chain alkane, is hardly 

biodegradable compared to n-alkanes such as hexadecane [24]. The fatty acid oxidation 

scheme works neatly for even-numbered chain lengths, it does not work completely for 

fatty acids that contain an odd number of carbons, β-oxidation of these compounds leads 

to propionyl-CoA and acetyl-CoA, rather than to two acetyl-CoA at the final step, this may 

be a factor for the different responses to different hydrocarbon oils. The fate of TMPD has 
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been studied in rats after a single per os administration of 3H-labeled TMPD. The balance 

study showed an extensive fecal excretion (66%) mainly as unchanged hydrocarbon, 

whereas about 14% of ingested TMPD was excreted in urine as TMPD metabolites and 

tritiated water. After one week, 8.3% of the ingested 3H still was stored in the carcass, 

and radioactive distribution in tissues and organs showed a preferential incorporation into 

adipose tissue and liver. Over 75% of the radioactivity stored in the carcass was 

associated with TMPD/pristane metabolites and tritiated water. Tissue metabolites were 

characterized by thin layer chromatography, gas chromatography and mass 

spectrometric analyses. Four metabolites were identified: pristan-1-ol, pristane-2-ol, 

pristanic acid and 4,8,12-trimethyltridecanoic acid. This study showed that TMPD 

undergoes subterminal hydroxylation or terminal oxidation followed by the classical beta-

oxidation process [25].  Future studies are needed to elucidate whether different types of 

inflammatory reactions caused by the two hydrocarbon oils are indeed due to their 

different metabolic pathways in the body.  Such studies may pave the way for developing 

strategies to enhance the degradation of difficult to biodegrade oils such as TMPD.  

 

 

 



 27 

FIGURES 

 

Fig 2.1 Structure and Molecular weight of Hydrocarbon oils: Hexadecane and 

2,6,10,14-Tetramethylpentadecane (TMPD).  

  

TMPD: C19H40

MW: 268.53

Hexadecane: C16H34

MW: 226.44
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Fig 2.2 Gross Morphology and Histopathology of Lungs.  

(A) Representative gross morphology of lungs from control (Hexadecane/PBS/sham-

injected or unmanipulated) and TMPD-injected B6 mice (all injections of 0.5 ml, ip).  

Control groups had normal appearing lungs at all timepoints tested (1, 1.5, 2, 3, 4-weeks 

and 2 months) in contrast to dark pigmented lungs suggestive of hemorrhage in TMPD-

exposed mice (0.5 ml, ip) mice at 1.5, 2, 3, and 4-week timepoints. 

(B) Representative hematoxylin and eosin (H&E) stained lung tissue sections of all lobes 

at 2-weeks post-injection.  Slides of whole lungs sections were digitized on a ScanScope 

AT (Leica Biosystems, Inc) and viewed with Aperio ImageScope 12.3.0.5 software at 0.5X 

low magnification. Control mouse lungs show normal histology, whereas TMPD-exposed 

mice exhibit diffuse hemorrhage. 
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(C) Representative lung tissue sections from control (PBS/sham or hexadecane injected) 

and TMPD-injected mice. Note hemorrhage (‘H’), inflammation (‘INF’), and/or 

vasculitis/arteritis (‘V’). Arteritis (circled) and hemorrhage in surrounding alveoli are 

highlighted.  Magnification 40X and 400X, as indicated on figure panels.  
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Fig 2.3 Summary of Histopathological Changes in the Lungs of TMPD-injected B6 

Mice. Results from 62 animals that received 0.5 ml of TMPD ip are represented in this 

pie chart.  Most animals were euthanized at ~2-weeks timepoint, unless they were 

moribund and/or had lost 20% bodyweight.  The pathological changes in the lungs were 

detected as early as day 10 post-injection in a few animals.  Some animals were 

monitored up to 4 weeks after injection.  73% animals exhibited pathological changes in 

various combinations, shown in the pie chart.  
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Fig 2.4 Semi-quantitative Scoring and Quantitative Measurements for TMPD 

Induced Lung Disease. H&E-stained lung tissue sections were scored independently by 

a pathologist in a blinded manner for hemorrhage and inflammation.  

(A) and (B) Hemorrhage was scored on the following scale: score 0, normal; 1, minimal 

hemorrhage; 2, mild hemorrhage; 3, moderate hemorrhage; 4, severe hemorrhage.   

Slides were also scored for inflammation on the following scale: score 0, normal; 1, 

minimal inflammation; 2, mild; 3, moderate; and 4, severe inflammation. All the slides 

were examined. For quantitation of hemorrhage severity, morphometric analysis was 

performed on digitized slides of whole lungs to measure the area of eosin staining in a 

non-biased manner, as described in Methods.  Briefly, tissue slides were digitized on a 

ScanScope AT.  Using the Definiens’ Tissue Studio, a stain specific algorithm was 

created using the pre-defined marker area detection module and classification tool. 

Thresholds were set to classify eosin stain for the entire tissue area. The data were 

exported to Microsoft Excel for further statistical analysis.

Fig.	2.4
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Fig 2.5  Clinical and Pathological Effects of Hexadecane versus TMPD. WT B6 males 

were injected with TMPD (n=6, 2-month-old) or Hexadecane (hex; n=5, 3-month-old; n=4, 

4.5-month-old), both at 500 μl, ip dose.  Each mouse was weighed prior to TMPD or Hex 

administration (Day 0). In the TMPD group, 4/6 mice lost 20% bodyweight within 14 days 

post-injection and correlated with severe lung hemorrhage. None of the mice in 

Hexadecane group lost weight; 3/9 mice gained 20-35% bodyweight 50 days post-

injection, and were found to have ascites. Lung pathology in these three animals showed 

a minimal inflammation and a few oil droplets, but no hemorrhage. The remaining six mice 

were monitored for a longer term. 
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Fig 2.6 Long Term Effects of Hexadecane. Three to 4.5-month-old B6 mice were 

injected with hexadecane (500 μl, ip), as described in previous figure.  Animals were 

monitored for up to 11 months.  As stated in previous figure, 3/9 mice developed peritoneal 

inflammation and ascites within 50 days of injection.  The remaining six mice appeared 

healthy up to 11 months. 
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Fig 2.7 Lung Histopathology 11 Months after Hexadecane Administration and in 

Age-matched Unmanipulated Mice. B6 mice injected with hexadecane (500 μl, ip) at 

the age of 3-4.5 months, as in Figure 2.6, and 6 unmanipulated controls (2.5-month-old) 

mice were monitored up to 11 months. As stated in Figure 2.5, 3/9 hexadecane injected 

mice developed ascites within 50 days post-injection. The remaining hexadecane-injected 

mice (n=6) and control mice (n=6) were monitored up to the age of 13.5-15.5 months, 

when various organs were harvested and tissue sections subjected to H&E staining.  Most 

organs did not show any inflammatory changes. Minimal lymphocytic infiltrates with focal 

inflammatory cells were present in the lungs of both hexadecane-injected and control 

mice.  Specific lung areas 400X high magnification. 
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Fig 2.8 Weight Loss (20%) as a Clinical Parameter to Predict the Development of 

TMPD-induced DPH.  B6 mice were weighed prior to administration of TMPD or 

hexadecane, and daily thereafter. In some experiments, animals were monitored daily for 

general health and weighed if moribund or on day 7 and daily or alternate day thereafter. 

Pooled data from 4 separate experiments involving 45 mice are shown. 
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CHAPTER 3 

 
Hydrocarbon Oil Induced Lung Inflammation and Diffuse Pulmonary Hemorrhage: 

 
Effects of Different Dose Regimens and Routes of Exposure  

 
 
 

 
 

 

 

 

 

 

 



 37 

ABSTRACT 

A single intraperitoneal (ip) injection of 500 μl of TMPD in B6 mice consistently induces 

pneumonitis and DPH that pathologically mimics DPH in humans. Although, this serves 

as an excellent model to study mechanisms of DPH, acute high-dose exposures rarely 

occur in humans.  Humans are exposed to hydrocarbon oils via inhalation (diesel exhaust, 

oil mists, aspiration of ingested mineral oil), ingestion (foods, medications), skin 

absorption (cosmetics, skin contact) or injection (immunization).  To begin to address 

these issues, we conducted a dose-response study of hydrocarbon oils administered via 

ip and oropharyngeal aspiration.  We found that ip administration of lower doses of TMPD 

(125 μl and 250 μl) were not effective in inducing DPH.  While animals in 500 μl group 

developed weight loss and DPH (67%) and pneumonitis (81%), only 14% of animals in 

250 μl group developed DPH and 42% pneumonitis.  None of the animals in 125 μl 

developed DPH and 14% developed pneumonitis.  A single oropharyngeal aspiration of 

40 µl, 20 µl, 8 µl, and 6 µl of TMPD led to rapid morbidity and mortality, whereas 40 µl of 

PBS via this route had no adverse effect on health. Whole body necropsy of animals in 6 

µl group showed lung inflammation, and serum chemistry revealed elevated creatinine 

kinase, glucose and aspartate aminotransferase. Mice given 4 µl TMPD or hexadecane 

via this route did not experience acute morbidity, and developed lung inflammation 

(TMPD/hexadecane) and/or hemorrhage (TMPD). Thus, oropharyngeal aspiration of 4 µl 

hydrocarbon oils may serve as a model to study the effects of low-dose direct lung 

exposure on pneumonitis and DPH, however, higher doses elicit acute toxicity. Studies 

are needed to determine the effect of repeated/chronic exposures to lower doses of 

hydrocarbon oils via different routes on the development of inflammation. 
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INTRODUCTION 

A single intraperitoneal injection of high dose (0.5 ml) of hydrocarbon oil such as 

2,6,10,14-tetramethylpentadecane (TMPD) and hexadecane (Hex) can cause various 

inflammatory diseases in rodent models.  However, as it is unlikely for humans to be 

exposed to such a high dose of TMPD. Due to lack of published reports on the effect of 

different doses of TMPD, we conducted dose response studies to elucidate clinico-

pathological changes in lungs and other organs at lower doses.  

Epidemiological reports suggest an association between hydrocarbon oils and 

inflammatory diseases such as lupus and glomerulonephritis in humans. However, the 

presumption in such instances is of high levels of exposure by inhalation or via the skin 

[50]. Humans can be exposed to hydrocarbon oils via inhalation (diesel exhaust, oil mists, 

aspiration of ingested mineral oil), ingestion (foods, food contaminants, food packaging, 

and medications), skin absorption (cosmetics, skin contact) or injection (immunization) [8, 

10, 11]. There is a paucity of experimental studies on the effect of hydrocarbon oils 

administered via oral or inhalation routes.  

Dietary exposure to mineral oils did not provoke autoimmune responses in a 

previous study [50]. In a recent study, Dark Agouti (DA) rats given feed containing 

4000 mg/kg TMPD or a broad mineral oil saturated hydrocarbons mixture in various 

concentrations (0-4000 mg/kg) for 90 days did not develop arthritis, whereas a single 

intradermal injection of 200 μl TMPD induced arthritis in all rats [51].  In another study, 

BALB/c mice given six intermittent oral doses of 0.1 ml TMPD (via a syringe and needle 

introduced into the lower esophagus) within a period of 9 weeks developed amyloidosis 

in the liver and spleen at 37-38 weeks and chronic renal lesions with papillary necrosis, 
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scars and cystic change later in life [52]. These studies suggest that oral exposure of 

TMPD causes varied effects in different rodents, and that different routes of exposures 

might cause different pathologies in the same animal strain. 

To elucidate clinico-pathological changes in lungs and other organs upon exposure 

to lower doses of hydrocarbon oils via different routes, we administered different doses 

of TMPD or hexadecane given ip or via oropharyngeal aspiration. 

METHODS 

Mice 

C57BL/6J (WT B6; Black 6; Stock No: 000664) mice were purchased from the Jackson 

Laboratory and housed in the UCLA Warren Hall Barrier Facility. Mice of both sexes, aged 

2-5 months were used.  

The UCLA Institutional Animal Care and Use Committee, known as the 

Chancellor’s Animal Research Committee (ARC), approved the protocol for this study. 

Dose Administration and Bodyweight Assessment  

TMPD Dose Response Experiment:  

Twenty mice were divided into three groups consisting of the low-dose group (125 μl 

TMPD), n=7; mid-dose group (250 μl TMPD), n=7; and high-dose group (500 μl TMPD), 

n=6.  Controls were unmanipulated mice (n=3). Each mouse was weighed on a scale 

prior to TMPD administration. Under isoflurane anesthesia, the mice were administered 

an ip injection with a single dose (low/mid/high) of TMPD, and the day of TMPD 

administration was Day 0 for this experiment. The bodyweights of the mice were then 

monitored up to 2 months.  

Oropharyngeal Aspiration of Hydrocarbon Oils in Mice 
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Each animal was lightly anesthetized with Ketamine/Xylazine solution (100 µl, ip). 

Oropharyngeal aspiration (OA) was performed as described in previous studies [53, 54]. 

Mice were fixed on a surgery board, the tongue was pulled out with a forceps, and the 

liquid (TMPD/Hex/PBS) was placed onto the distal part of the oropharynx using a 

micropipette, while the nose was gently closed.  

To establish whether TMPD-DPH occurs via OA route, we performed experiments 

with different doses (40 µl, 20 µl, 8 µl, 6 µl, and 4 µl) of TMPD in B6 mice. Control B6 

mice were given OA of 40 µl PBS. Hexadecane was tested only at two doses 6 µl and 4 

µl in WT B6 mice.  

For OA with low doses of 6 µl, and 4 µl TMPD/Hex, each animal was given OA of 

6µl sterile DPBS (1X) immediately after to assure that the oil is flushed down, and not 

stuck at the oropharyngeal opening. 

Reagents  

2,6,10,14-Tetramethylpentadecane BioReagent (TMPD, Molecular Weight 268.52, CAS 

Number 1921-70-6), synthetic, liquid, sterile-filtered, purity ≥95% (Sigma-Aldrich Corp., 

St. Louis, MO; Lot Nos. RNBB3307 and RNBB3307V). Hexadecane ReagentPlus®  (Hex, 

Molecular Weight 226.44, CAS Number 544-76-3) liquid, purity 99% (Sigma-Aldrich 

Corp., St. Louis, MO; Lot No. SHBD2368V). Ketamine Hydrochloride injection USP 

(Ketalarâ; Par Pharmaceuticals Cos., Inc., NY), Xylazine injection (AnaSedâ; Lloyd, Inc., 

IA), or Isoflurane USP (Piramal Healthcare Limited, Bethlehem, PA) was used to 

anesthetize/euthanize the mice. Dulbecco’s Phosphate Buffered Saline [DPBS (1X) 

GibcoÔ; Thermo Fisher Scientific Inc., Waltham, MA] was used to perfuse the lungs, and 

to clean the small and large intestines. Ethyl alcohol (Decon Laboratories, King of Prussia, 
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PA) was used to clean the mouse prior to necropsy and preserve tissues for histology. 

Formalin 10% (Fischer Scientific Company LLC, Kalamazoo, MI) was used to fix the 

tissues for histology. 

Necropsy  

Necropsy was performed on those mice that were found dead/moribund or showed a 

reduction in bodyweight by 20% of their initial weight at Day 0.  Animals given OA of 

TMPD at doses of 40 µl or 20 µl were euthanized using Ketamine/Xylazine solution (200 

µl, ip). For all other experiments, on the day of necropsy, each mouse was placed in a 

chamber containing isoflurane for 3-5 minutes until it was euthanized. After the mouse 

ceased to breathe, it was taken out of the chamber and placed on a dissection mat. The 

mouse’s body was cleaned with alcohol and its outer skin was cut. Cardiac blood was 

collected for serum analysis. The lungs were perfused via the heart, with DPBS 1X to 

remove the blood from them after the aorta was cut.  

The lungs, liver (left lateral and right medial lobes), spleen, kidney (right), 2 

sections each of small intestine, and large intestine were fixed in 10% formalin for at least 

24 hours. The small and large intestine sections were cleaned with DPBS 1X solution 

before they were preserved for histology. Since majority of the animals given OA of 40µl 

TMPD died immediately after treatment, no tissues were collected. 

For animals given OA of TMPD/Hex at dose of 6 µl, UCLA-DLAM technicians 

collected whole blood for serum and performed whole body necropsy. Each mouse was 

placed in a chamber that contained carbon dioxide for 3-5 minutes until it was euthanized. 

The lungs were perfused via the heart, with 10% formalin to remove the blood after the 

aorta was cut. Whole lungs, brain, trachea, heart, stomach, cecum, intestines, colon, liver 
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(median lobe), gallbladder, spleen, kidneys (half of each one) were collected and fixed in 

10% formalin for at least 24 hours.  

Histopathological Assessment  

UCLA Translational Pathology Core Laboratory (TPCL) embedded the tissues in paraffin. 

Sections were stained with hematoxylin and eosin (H&E) for all the experiments. All the 

sections were examined independently by a pathologist in a blinded manner for 

hemorrhage and inflammation. 

Serum Analysis  

For animals given OA of TMPD/Hex at dose of 6 µl, the serum chemistry analysis was 

performed by a UCLA-DLAM technician. The serum samples (undiluted) were run on the 

Vet Axcelâ Chemistry Analyzer (Alfa Wassermann Diagnostic Technologies, NJ). The Vet 

Axcelâ Chemistry Analyzer automatically dilutes the serum sample for specific 

parameters. Serum samples were analyzed for alkaline phosphatase, alanine 

aminotransferase, aspartate aminotransferase, gamma-glutamyl transpeptidase, 

creatine kinase, blood urea nitrogen, creatinine, glucose, cholesterol, triglycerides, 

bilirubin (total), calcium, inorganic phosphorus, sodium, potassium, chloride, bicarbonate, 

albumin, and total protein levels. The normal range of these parameters in mice is based 

on a previous study [55], and was provided by UCLA-DLAM. 

Data Analysis  

Data was analyzed utilizing Microsoft Excel and Prism 6.0 (GraphPad Software, San 

Diego, CA). 

RESULTS 

Effect of different doses of systemic (intraperitoneal) administration of TMPD 
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           In our previous experiments, a reduction in body weight of ~20% following TMPD 

injection (500 µl, ip) correlated with the development of DPH in mice. Hence, we used 

this parameter to monitor animals and euthanized them at ≥20% weight loss. In the first 

TMPD dose-response study, animals were monitored after a single ip injection with three 

different doses (125 µl, 250 µl, and 500 µl) of TMPD.  Four of 6 mice in the 500 μl group 

and 1/7 in the 250 μl group had a significant reduction in bodyweight (>20%) within 18 

days of TMPD injection; all had DPH (Figures 3.1, 3.2).  The remaining 15 mice showed 

consistent/slightly increased bodyweights during the two-month period (Figure 3.1).  

In the 500 µl group, there was focal granulomatous inflammation in the lungs in 

5/6 mice; the two mice that survived up to 2 months had no hemorrhage, but had oil 

droplets in the lungs and one had granulomatous inflammation. In the 250 µl group, 3/7 

animals had several foci of inflammation with focal areas of macrophage infiltration, mild 

inflammation or presence of lipid droplets or combination of these at 2 months timepoint 

(Figure 3.2).  No histopathological changes in the lungs were detected in all 

unmanipulated controls, 6/7 animals in the 125 µl group, 3/7 in the 250 µl group, and 1/6 

in 500 µl group. 

The liver was mostly normal in all the animals at all doses of TMPD. Few mice 

showed the presence of prominent Kupffer cells and focal inflammation. The latter was 

observed in occasional unmanipulated controls. The spleen was normal in unmanipulated 

controls and in 125 µl group, however, there were increased megakaryocytes and lipid 

droplets in 5/7 in 250 µl group and 5/6 in 500 µl group. The kidneys and intestines were 

normal in all animals. Granulomatous reaction and fat necrosis was seen outside 
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intestines, liver, kidney, and spleen, if fat was present in tissue sections of TMPD-injected 

mice at all doses.  

Effect of different doses of oropharyngeal aspiration of hydrocarbon oils 

We investigated the effect of oropharyngeal aspiration (OA) of TMPD at different 

doses in B6 mice (Figure 3.3).  We started the study with a dose of 40 µl TMPD via OA 

route, since it was >10X lower than the established ip dose of 500 µl TMPD that induces 

DPH within 2 weeks in WT B6 mice.  After OA of 40 µl TMPD, 4/5 died soon after 

exposure, and the remaining animal was moribund and euthanized 18 hours later.   All 

animals given the same amount of PBS (40 µl) remained healthy and were euthanized 4 

weeks later.  

We repeated the OA route experiments using 20 µl, 8 µl, 6 µl, and 4 µl doses in 

B6 mice (n=4-8/group, six independent experiments).  At all doses tested except 4 µl, the 

animals became moribund and started dying within 18 to 72 hours post exposure.  At all 

doses of TMPD, B6 mice developed lung inflammation, however, lung hemorrhage only 

occurred in mice that died after OA. No histopathological changes were detected in the 

trachea by light microscopy in all animals in all experiments conducted. 

 Lung tissue sections from mice administered 20 μl TMPD via OA showed moderate 

lung hemorrhage and inflammation in one of four mice that died at 18 hours post- 

exposure. All the other mice appeared moribund, had 10-15% bodyweight loss, and were 

euthanized after 24 hours. Lungs of these animals showed minimal to mild inflammation, 

but no hemorrhage (Figure 3.3).  
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In TMPD 8 μl OA experiment, all mice were moribund, had 10-15% bodyweight 

loss, and were euthanized on day 2. None of the animals had hemorrhage, and one of 

four animals showed minimal inflammation in the lungs. There was hyaline membrane 

formation in one mouse that died at 36 hours after TMPD exposure, indicative of acute 

lung injury (Figure 3.3).  

We then repeated the OA experiment at 6 μl dose and included a control group of 

mice given OA of hexadecane that does not induce DPH when given via ip route.  At this 

dose, 2/5 in the TMPD group died at 72 hours and one had a minimal lung hemorrhage. 

The remaining four TMPD-exposed mice were moribund, had 15-20% loss of bodyweight, 

and were euthanized on day 3. These animals had minimal to moderate inflammation in 

the lungs (Figure 3.4). Hexadecane recipients appeared less moribund than TMPD-

exposed mice, none of them died, and were euthanized at 72 hours. All hexadecane-

exposed mice had mild to moderate lung inflammation.  Histopathology of other tissues 

(brain, trachea, heart, stomach, cecum, intestines, colon, liver, gallbladder, spleen and 

kidney) did not reveal any abnormality on light microscopy. Serum chemistry analysis 

showed elevated creatinine kinase and glucose in all animals given hexadecane or 

TMPD. The liver enzyme aspartate aminotransferase (AST) serum levels were elevated 

in 2 animals in each group (Figure 3.4). Blood could not be collected for two TMPD-

exposed mice that were found dead on day 3 morning.   Serum levels of alkaline 

phosphatase, alanine aminotransferase, gamma-glutamyl transpeptidase, blood urea 

nitrogen, creatinine, cholesterol, triglycerides, bilirubin (total), calcium, inorganic 

phosphorus, sodium, potassium, chloride, bicarbonate, albumin, and total protein levels 

were within the normal range in both TMPD and hexadecane exposed animals.     
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Next, we administered 4 μl hexadecane or TMPD via OA in two independent 

experiments (Figure 3.5). In the first experiment in 3-month-old females, 2/4 animals had 

a 15-20% loss of bodyweight within 3-days post-TMPD exposure, however, the mice 

gained weight after day 4 and appeared healthy thereafter. Necropsy was performed on 

day 17. In the second experiment in 2-month-old males, 2/4 animals had a 20% loss of 

bodyweight by day 4 in the TMPD group and were euthanized on day 4.  In the 

hexadecane group, 3/4 animals had a 10-18% loss of bodyweight within 2-days, however 

the mice gained weight on day 3 onwards and appeared healthy thereafter. All four 

hexadecane and 2/4 TMPD exposed animals were euthanized on day 17.  Histopathology 

of lungs showed minimal/mild hemorrhage in 3/8 TMPD-exposed and none in the 

hexadecane group. 6/8 TMPD-exposed and 3/4 hexadecane-exposed animals had lung 

inflammation.            

DISCUSSION 

Intraperitoneal administration of a single dose of 500 µl of TMPD consistently 

induced lung hemorrhage within 2 weeks in B6 mice, whereas 125 µl (ip) dose did not 

induce DPH and induced mild lung inflammation in 1/7 mice. The 250 µl ip dose caused 

DPH in 1/7 mice by day 18 and mild inflammation in the lungs by 2 months. TMPD (500 

µl, ip) also induces other autoimmune manifestations in other mouse strains, but at later 

timepoints [5, 6, 13, 17, 22].  Thus, TMPD-DPH induced by 500 µl ip regimen of TMPD is 

an efficient animal model to study autoimmune disease pathogenesis in the laboratory.  

To the best of our knowledge, this is the first study to show that oropharyngeal 

aspiration of TMPD and hexadecane induces pneumonitis and/or DPH in mice.  It is 
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intriguing that B6 mice survive a large dose of 500 µl TMPD or hexadecane via ip route, 

however, show rapid morbidity/mortality when exposed to 6-40 µl TMPD via OA route.  

Compared to the ip route of TMPD administration that induces prominent lung 

hemorrhage and inflammation, OA route induces a prominent inflammatory response with 

minimal hemorrhage, likely because it may take time for lung hemorrhage to develop. 

There are no published TMPD inhalation studies and limited animal studies on the 

effects via oral exposure. TMPD does not seem to induce the same disease via different 

routes in animals. TMPD induces arthritis in rats after an intradermal injection, but not 

after oral exposure via diet [51].  Amyloidosis involving the liver and spleen was observed 

in BALB/c mice administered 100 µl TMPD orally directly into the lower esophagus [52].  

A recent study showed that BW5147 cells (murine thymoma cell line) exposed in 

vitro to TMPD (emulsified in PBS and BSA) exhibited dose-dependent induction of cell 

death within 24 hours. However, RAW 264.7 cells (murine macrophage cell line) were 

resistant to the cytotoxic effects of TMPD [26]. In the OA route, the epithelial cells in the 

oral cavity and trachea which are in direct contact with TMPD may undergo early cell 

death, whereas after ip exposure the peritoneal cells that largely consist of macrophages 

might be more resistant to cell death. 

The whole body necropsy of animals given OA of 6 µl Hex or TMPD showed 

inflammation in the lungs, whereas all other tissues (brain, trachea, heart, stomach, 

cecum, intestines, colon, liver, gallbladder, spleen and kidney) tested did not show any 

histopathological changes.  Animals did have elevated creatinine kinase and aspartate 

aminotransferase (AST) in both hexadecane and TMPD exposed animals.  This may 

suggest an acute skeletal muscle or myocardial injury or liver damage. However, light 
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microscopy did not show changes in the liver and heart. In future studies, we will harvest 

muscle to examine any evidence of muscle damage. Animals also had increased blood 

glucose levels, for which we will examine pancreas in future studies.  

Both TMPD and Hex (4 and 6 µl) induced pneumonitis via OA route, however lung 

hemorrhage was only observed in animals given TMPD. Thus, both ip and OA routes of 

exposure suggest a unique effect of TMPD in inducing lung hemorrhage.  

Our novel observations demonstrating the effect of oropharyngeal aspiration of 

hydrocarbon oils are relevant to humans since the major route of exposure to TMPD is 

via inhalation (diesel exhaust, oil mists, aspiration of ingested mineral oil). However, the 

latter exposures are more likely to occur at a lower dose over a long period of time. Hence, 

studies are needed to examine the effect of repeated exposures to doses lower than 4 µl 

of hydrocarbon oil on local lung and systemic inflammation. 
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FIGURES 

 

Fig 3.1 Clinical Effects of Different Doses of TMPD in B6 mice.  Two-month-old B6 

males were given a single ip injection of TMPD at 125 μl (n=7); 250 μl (n=7); and 500 μl  

(n=6). Each mouse was weighed prior to TMPD administration (Day 0). Four of 6 mice in 

500 μl group and 1/7 in 250 μl group had a significant reduction in bodyweight (≥20%) 

within 18 days of injection. The remaining 15 mice were monitored up to 2 months post-

injection, and then lungs harvested for histopathology.
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Fig 3.2 Lung Pathology in Mice Injected with Different Doses of TMPD. Animals 

injected with different doses of TMPD, in Figure 3.1, were euthanized at 2 months or 

sooner if they had ≥20% weight loss and/or appeared moribund.  Lungs were harvested 

and tissue sections stained with H&E. (A) Histopathological changes:  DPH was observed 

in 4/6 mice in high-dose group, 1/7 in medium-dose group, and in none in the low-dose 

group. Lung inflammation was seen in 5/6 mice in the 500 µl dose group (focal 

granulomatous inflammation), 3/7 in the 250 µl dose (several foci of inflammation), and 

1/7 in the 125 µl dose group.  Oil droplets in lungs were seen in all animals in 500 µl dose 

and 4/7 in 250 µl dose.  (B) Representative photomicrographs showing granulomatous 

reaction to oil droplets in the mid- and high- dose groups at 2 months.  (C) Arteritis (circled) 

and hemorrhage in lungs of high-dose TMPD group. Specific lung areas 400X high 

magnification.

400X400X

B. C.

125 µl 250 µl 500 µl
0

20

40

60

80

100

TMPD Dose

P
er

ce
nt

ag
e 

of
 A

ni
m

al
s 

 w
ith

 L
un

g 
D

is
ea

se
 (%

)

A.              Lung Pathology: TMPD Dose Response

Oil droplets
Inflammation
Hemorrhage

Fig.	3.2



 51 

 

Fig 3.3 Oropharyngeal Aspiration of Hydrocarbon Oils at Different Doses. 

(A) Effect on general health. B6 mice were administered with PBS, TMPD or hexadecane 

in different doses, as indicated, via oropharyngeal aspiration (OA) route. 2-5-month-old 

males and females were used in six separate experiments.  While none of PBS or 

hexadecane injected animals died, TMPD-injected animals died or were severely 

moribund within a few days of exposure to doses of 40 µl, 20 µl, 8 µl, and 6 µl.    

(B) Lung histology in B6 mice administered OA with TMPD 20 μl.  One mouse that died 

within 18 hours had moderate hemorrhage (H) and inflammation (I) (upper panels). The 

remaining three animals that were euthanized when moribund showed minimal to mild 
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inflammation (lower panels). Representative lung areas at 40X and 400X high 

magnification. 

(C) Lung histology in B6 mice administered OA with TMPD 8 μl.  Hyaline membrane 

formation (*) in one mouse that died within 36 hours of exposure with TMPD, indicative 

of acute lung injury. A control normal lung is shown for comparison.  Representative lung 

areas at 400X high magnification. 
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Fig 3.4 Oropharyngeal Aspiration of 6 μl Hexadecane and TMPD in WT B6 Mice: 

Changes in lungs and serum chemistry.  B6 mice (males; 5 months old) were 

administered OA with hexadecane or TMPD 6 μl. Lung sections were stained with H&E, 

and scored for lung hemorrhage and inflammation. All sections were scored by a 

pathologist in a blinded manner. (A) Lung hemorrhage scores in both groups. Only one 

TMPD-exposed B6 mouse that died on Day 3 morning post exposure had minimal 

hemorrhage. All other mice were moribund, and were euthanized on Day 3, however none 

of them had hemorrhage. (B) Lung inflammation scores in both groups. Majority of the 

mice showed inflammation in both groups. (C) Specific lung areas with inflammation (I) in 

both groups.  Representative lung areas at 12.5 X and 400X high magnification. (D) 

Serum chemistry analysis showed increased levels of creatinine kinase and glucose in 

both groups. Liver enzyme aspartate aminotransferase (AST) levels were elevated in 2 

animals in each group. Data are shown as the mean±SD. Blood could not be collected 

for two TMPD-exposed mice that were found dead on Day 3 morning. 
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Fig 3.5 Effects of OA of 4 μl Hexadecane and TMPD in B6 mice. Mice (n=4-8/group; 

females and males; 2-3 months old) were administered OA with 4 μl of hexadecane or 

TMPD. Moribund mice were euthanized on day 4; healthy appearing mice were 

euthanized on day 17. Lung sections were stained with H&E, and scored for lung 

hemorrhage and inflammation. All sections were scored by a pathologist in a blinded 

manner. (A) Lung hemorrhage scores in all 4 groups. TMPD-exposed (3/8 mice) had 

minimal/mild hemorrhage. (B) Lung inflammation scores. (C) Specific lung areas with 

inflammation (I) in both groups compared to a normal lung.  Representative lung areas at 

12.5 X and 400X high magnification. 
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ABSTRACT 

Intraperitoneal administration of a single dose of TMPD induces lung hemorrhage, 

pneumonitis and/or vasculitis in B6 mice at 2-4 weeks. At 1-week timepoint, none of the 

TMPD-injected mice had any major histopathological changes in the lungs, except for a 

subtle increase in macrophage infiltration in the interstitium of the lungs in 25% mice. At 

the 2-weeks timepoint, flow cytometry analysis showed that there was an increase in 

proportions of TCRb+ T cells, CD19+ B cells, and CD11b+CD11c- cells (macrophages and 

neutrophils) in the lungs of TMPD-injected mice compared to controls.  Abnormalities in 

almost all immune cell types analyzed at 2-4 weeks timepoint suggested that some of 

these findings likely represented a consequence of disease, rather being a primary driver 

of pathology. At 1-week timepoint, prior to any histopathological changes, while both 

hexadecane and TMPD caused abnormalities of myeloid cells, only TMPD caused 

increased infiltration of lungs with B cells, most of which expressed the markers of B1 B 

cell subset (CD19+CD11b+/CD19+CD5+). The proportions and numbers of these B1 B 

cells were simultaneously reduced in their usual location, i.e., peritoneal cavity in TMPD-

exposed mice. These data suggest a possible role of B1 B cells in the pathogenesis of 

TMPD-DPH and guide us to posit that TMPD drives the trafficking of innate B1 B cells 

from the peritoneum to the lungs, where they play a role in the pathogenesis of DPH. 

 
INTRODUCTION 
 

Pathogenesis of DPH is unclear. Advances in the pathogenesis of DPH have been 

hampered due to the heterogeneity of clinical findings, a paucity of access to clinical 

tissues from early stages of disease, and the lack of suitable animal models. Thus, the 

recent discovery of TMPD-DPH provides a model system to study DPH pathogenesis [3, 
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4]. Using this model, the prevalence of DPH was lower in Rag1-/- B6 mice than in WT B6 

controls, although 50% of Rag1-/- mice did develop DPH. This suggests that DPH can 

develop in the absence of T and B cells, although they may play a role in promoting DPH. 

Interestingly, Igµ-/- B6 mice had a strikingly reduced prevalence of DPH (7% vs 84% in 

WT B6), and reconstitution of Igµ-/-  B6 mice with wild-type splenic B cells increased the 

DPH prevalence to 50%, thereby suggesting a possible role of B cells in development of 

DPH [4]. However, no immune complexes or complement deposition was detected in the 

DPH lungs. Furthermore, the transfer of serum from DPH mice to naive mice did not 

induce DPH, although the sample size was too small in this experiment [4].  

A community study from New Mexico showed that people living near an oil field 

waste site with increased levels of TMPD in house dust had increased proportions of 

CD19+ B cells in their peripheral blood compared to the control population [12]. 

Furthermore, my mentor’s lab reported an increase in marginal zone B (MZB) cells, and 

immunoglobulin isotypes produced by these MZB cells in BALB/c mice injected with 

TMPD [30].  

MZB cells and another B cell type, called, B1 B cells, provide an initial and prompt 

antibody response, mainly to T cell-independent antigens. Due to their anatomical 

location, these B cells are the first cell populations to encounter antigens acquired through 

the peritoneum and blood stream [31], [32]. B1 B cells are innate-like lymphocytes that 

generate natural antibodies with important functions in tissue homeostasis and immune 

defense. While B1 B cells frequencies in secondary lymphoid tissues are low, relative 

high frequencies are found within peritoneal and pleural cavities of mice [33]. Guided by 

our preliminary data, we focused on these cells.  
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B1 B cells are divided into three different subsets, B1a, B1b, and B1c, on basis of 

CD5 and CD11b expression. They represent reservoirs of B1 cells that can be activated 

for migration to lymphoid tissues to secrete antibodies and/or cytokines. B1a cells are 

CD11b+CD5+, B1B cells are CD11b+CD5−, and the newly described rare and unique 

subpopulation of B1c cells is CD11b−CD5+ (they can develop into B1a cells) [56], [57]. 

B1a and B1c cells express CD5 that is known to function as a negative regulator of B cell 

receptor (BCR) signaling that may help prevent inappropriate activation of autoreactive 

B1a cells. B1a cells produce natural antibodies, while B1b cells are critical in development 

of IgM memory cells [58]. The functional properties of B1c are essentially similar to those 

of B1a and B1b B cells [57].  

The unique markers for B1 cells in humans are not well defined yet, since activated 

human B cells express CD5. However, recent studies have characterized human B1 cell 

surface phenotype and function, which resembles the properties of murine B1 cells very 

closely [59], [60]. Immune regulation produced by B cells has been attributed to production 

and secretion of interleukin (IL)-10, which is a characteristic of mouse B1 cells [60]. 

B1b cells express Mac-1 (CD11b/CD18), a leukocyte adhesion molecule that is 

also expressed on many myeloid cell types. Mac-1 plays a role in inflammation by 

regulating migration of leukocytes into injured tissue. A recent study showed that 

depletion of neutrophils and eosinophils or adoptive transfer of classically activated 

macrophages resulted in the exacerbation of TMPD-DPH in both WT and Mac-1-/- B6 

mice. However, the peritoneal transfer of F4/80hiMMR+ (mannose receptor) alternatively 

activated macrophages reduced the prevalence of DPH in WT mice. Thus, Mac-1 can 

promote acute inflammatory responses in the peritoneal cavity and lungs by 
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downregulating granulocyte migration and subsequent phenotypic conversion of 

macrophages in the TMPD-lupus model [34]. In atherosclerosis, a chronic inflammatory 

disease of the arterial wall, B1 cells are believed to secrete protective IgM antibodies that 

act as scavenger of deleterious molecules whereas B2 lymphocytes probably worsen the 

disease by activating proinflammatory T lymphocytes [36]. 

Chowdhary et al. found that 2 weeks after TMPD injection (0.5 ml, ip)  the 

bronchoalveolar lavage (BAL) fluid from B10 mice was consistently bloody and filled 

predominantly with macrophages and neutrophils [3]. In another previous study, when the 

cells in BAL from TMPD-injected (0.5 ml, ip)  B6 mice were examined via flow cytometry, 

the numbers of monocytes, granulocytes, CD19+ B cells, CD4+ and CD8+ T cells were 

increased over the 2- weeks period [4]. 

In summary, little is known about the role of innate B cells in vascular inflammation, 

and their role is unknown in DPH. None of the previous studies reported flow cytometry 

data regarding the lungs, our study provides detailed cellular analysis of the lungs, 

peritoneal fluid (PF) and the spleen in the TMPD-DPH model.  

METHODS 

Mice 

Wild-type C57BL/6J (WT B6; Black 6; Stock No: 000664) mice were purchased from the 

Jackson Laboratory and housed in the UCLA WAH Barrier Facility. For flow cytometry 

experiments at different timepoints, male mice aged 3-8 months were used.  

The UCLA Institutional Animal Care and Use Committee, known as the Chancellor’s 

Animal Research Committee (ARC), approved the protocol for this study. 

Dose Administration and Bodyweight Assessment  

TMPD-DPH Animal Model Experiments:  
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WT B6 mice were administered PBS/Hex/TMPD (500 μl, ip) under isoflurane anesthesia. 

Shan-injected and unmanipulated WT B6 were used as controls for some experiments. 

The day of TMPD administration was Day 0 for each experiment and their weight was 

monitored at different time points post-TMPD exposure. 

Reagents  

2,6,10,14-Tetramethylpentadecane BioReagent (TMPD, Molecular Weight 268.52, CAS 

Number 1921-70-6), synthetic, liquid, sterile-filtered, purity ≥95% (Sigma-Aldrich Corp., 

St. Louis, MO; Lot Nos. RNBB3307 and RNBB3307V). Hexadecane ReagentPlus®  (Hex, 

Molecular Weight 226.44, CAS Number 544-76-3) liquid, purity 99% (Sigma-Aldrich 

Corp., St. Louis, MO; Lot No. SHBD2368V). Isoflurane USP (Piramal Healthcare Limited, 

Bethlehem, PA) was used to anesthetize/euthanize the mice. Dulbecco’s Phosphate 

Buffered Saline [DPBS (1X) GibcoÔ; Thermo Fisher Scientific Inc., Waltham, MA] was 

used to perfuse the lungs, and to clean the small and large intestines. Ethyl alcohol 

(Decon Laboratories, King of Prussia, PA) was used to clean the mouse prior to necropsy 

and preserve tissues for histology. Formalin 10% (Fischer Scientific Company LLC, 

Kalamazoo, MI) was used to fix the tissues for histology.  The lungs were digested with 

Collagenase, Type 1 (Worthington Biochemical Corporation, Lakewood, NJ) and 

Deoxyribonuclease I from bovine pancreas (DNase; Sigma-Aldrich Corp., St. Louis, MO), 

and the enzymatic digestion process was stopped with UltraPure™ EDTA 

(Invitrogen™, Thermo Fisher Scientific Inc., Waltham, MA). Red blood cells (RBCs) in 

spleen, bone marrow and lungs were removed with lysis buffer BD Pharm LyseÔ (BD 

Biosciences, San Jose, CA). For flow cytometry, the tissues were collected and cells 

washed with RPMI 1640 Medium (GibcoÔ; Thermo Fisher Scientific Inc., Waltham, MA). 
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FACS buffer for immunostaining was made with PBS 10X (Fischer Scientific Company 

LLC, Fair Lawn, NJ) and Bovine serum albumin (BSA; Fischer Scientific Company LLC, 

Fair Lawn, NJ). Trypan blue (MP Biomedicals LLC, Solon, OH) was used to count viable 

cells for immunostaining. 

Necropsy  

On the day of necropsy, each mouse was placed in a chamber that contained isoflurane 

for 3-5 minutes until it was euthanized. After the mouse ceased to breathe, it was taken 

out of the chamber and placed on a dissection mat. The mouse’s body was cleaned with 

alcohol and its outer skin was cut. The peritoneum was infused with 10 ml of cold DPBS 

1X, lavage was performed peritoneal fluid collection. Cardiac blood was collected for 

serum analysis. The lungs were perfused via the heart, with DPBS 1X to remove the 

blood from them after the aorta was cut. The lungs were incubated at 37oC in RPMI 

medium with Collagenase and DNase for one hour, and digestion was stopped by adding 

EDTA. 

The lungs (lower right lobe), liver (left lateral and right medial lobes), spleen (lower part 

small piece), kidney (right), 2 sections each of small intestine, and large intestine were 

fixed in 10% formalin for at least 24 hours. The small and large intestine sections were 

cleaned with DPBS 1X solution before they were preserved for histology.  

Histopathological Assessment  

UCLA Translational Pathology Core Laboratory (TPCL) embedded the tissues in paraffin. 

Sections were stained with hematoxylin and eosin (H&E) for all the experiments. All the 

sections were examined independently by a pathologist in a blinded manner for 

hemorrhage and inflammation. 
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Flow Cytometric Analysis 

Cells from lungs, peritoneal fluid, spleen and bone marrow were washed with RPMI 

medium. Red blood cells (RBCs) in spleen, bone marrow and lungs were removed with 

lysis buffer, then kept in FACS buffer. After blockade of Fc receptors with purified anti-

mouse CD16/CD32 mAb (clone 2.4G2; Tonbo Biosciences, San Diego, CA), cells were 

stained with the corresponding Ab mixtures. The following mAbs were used: APC-labeled 

anti-mouse CD19 (clone 1D3; Tonbo Biosciences, San Diego, CA), PE-labeled anti-

mouse CD21/35 (clone 4E3; eBiosciences, San Diego, CA), PerCP Cy5.5-labeled anti-

mouse CD23 (clone B3B4; eBiosciences, San Diego, CA), PE-labeled anti-mouse CD5 

(clone 53-7.3, eBiosciences, San Diego, CA), and PerCP-Cyanine5.5-labeled anti-

human/mouse CD11b (clone M1/70; Tonbo Biosciences, San Diego, CA). Cells were 

acquired using a BD FACSCalibur™ flow cytometry system (BD Biosciences) in our 

laboratory. All the data were analyzed using the FlowJo software Version 8.7 (Ashland, 

OR).  

Data Analysis  

For the phenotypic characterization of the immune cells found in the lungs, peritoneal 

fluid, spleen and bone marrow, differences between groups were statistically analyzed by 

unpaired Student’s t-test with Welch’s correction method with P < 0.05 considered to be 

significant. Data are presented as mean±SEM. Data were analyzed utilizing Microsoft 

Excel and Prism 6.0 (GraphPad Software, San Diego, CA). 

RESULTS 

We analyzed immune cells in the lungs and lymphoid organs of TMPD injected WT 

B6 mice. At the 2-weeks timepoint, there was an increase in proportions of TCRβ+ T cells, 
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CD19+ B cells, and CD11b+CD11c– cells (macrophages and neutrophils) in the lungs of 

TMPD-exposed mice compared to controls. In addition, we found a higher proportion of 

CD11c
+ dendritic cells (DC) in lungs and bone marrow (BM). In particular, there was a 

statistically significant increase in PDCA1
+
CD11c

+ plasmacytoid DC (pDC) in the BM, and 

CD11b
+ CD11c

+ myeloid DC (mDC) in the lungs of TMPD injected mice (n=11) as 

compared to controls (PBS, n=9). Immunostaining with anti-S100 antibody indicated 

increased S100
+ cells in alveolar spaces and septae of TMPD-exposed mice versus 

saline (n=3/group), at 2-weeks timepoint. At 3-4 weeks after TMPD injection, flow 

cytometry studies showed increased DCs along with a profound cellular infiltration with 

mDCs, and granulocytes in lungs, and pDCs in bone marrow of TMPD exposed mice 

(data not shown).  

Abnormalities in almost all immune cell types analyzed at 2-4 weeks timepoint 

suggested that some of these findings likely represent a consequence of disease, rather 

being a primary driver of pathology. Hence, to glean into early events leading to the 

development of DPH, we analyzed immune cells at the 1-week timepoint, when animals 

had not developed DPH based on histopathology.  

At the 1-week timepoint, flow cytometry analyses of immune cells showed similar 

numbers and proportions of TCRβ
+ T cells in the lungs, spleen and peritoneum in all 

groups of mice. There were similar numbers and proportions of mDCs and pDCs in the 

lungs. However, consistent with the finding at the 2-week timepoint, 

MHCII
lo

PDCA1
+
CD11c

+ pDCs were significantly increased in the BM of TMPD-exposed 

mice as compared to both controls. Granulocytes (CD11b
+
Gr1

+
) were significantly 
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increased in the lungs, BM and spleen of mice injected with both hydrocarbon oils (TMPD 

or Hex) as compared to PBS-injected mice. Specifically, there was a 3-fold increase in 

the number of Gr1
+
CD11b

+
CD11c

- cells, CD11b
+
Ly6G

+ cells, and CD11b
+
Ly6C

+ cells in 

the lungs of TMPD and Hex-injected mice compared to the saline group (data not shown).  

Analysis of B cells in different organs at the 1-week timepoint showed an 

interesting pattern. Importantly, the proportions and numbers of CD19
+ B cells were 

significantly higher in the lungs of TMPD-injected versus PBS/Sham-injected mice (Figure 

4.1). The proportions and numbers of CD19
+ B cells were significantly reduced in the 

peritoneal fluid (PF) and bone marrow (BM) of mice injected with TMPD or Hex as 

compared to the PBS group (Figures 4.1 and 4.2). The proportions and numbers CD19
+ 

B cells were unchanged in the spleen within the three groups (Figure 4.3). In the spleen, 

the proportions of innate B cells, specifically MZB cells, defined as CD19
+
CD21

hi
CD23

lo 

cells were similar in all the groups of mice (Figure 4.3).  

The most interesting finding was that only TMPD caused increased infiltration of 

CD19+ B cells and the subset B1 B cells (CD19+CD11b+/CD19+CD5+) in the lungs. The 

proportions and numbers of these B1 B cells were simultaneously reduced significantly 

in their usual location, i.e., peritoneal cavity in TMPD- and Hex- versus PBS/Sham-

injected mice. (Figure 4.4).  

These data guided us to hypothesize that while both hydrocarbon oils induce an 

egress of B1 B cells from the peritoneal cavity, only TMPD induces the trafficking of these 

cells to the lung. The peritoneal innate B1 B cells may migrate to the lung after TMPD 

injection and contribute to the development of DPH (Figure 4.5).  
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DISCUSSION 

We analyzed cells isolated from the lungs, spleen, BM, peritoneal fluid (PF), for B 

and T cells, DCs and granulocytes after 1- and 2-weeks of injecting B6 mice with TMPD, 

Hex or PBS (0.5 ml, ip). While most immune cell types were increased in the lungs at 2 

weeks, only B1 B cells were increased in the lungs at 1-week timepoint in TMPD injected 

mice as compared to Hex-injected mice.  

Chowdhary et al. found that 2 weeks after TMPD injection (0.5 ml, ip)  the BAL 

fluid from B10 mice was consistently bloody, and filled predominantly with macrophages 

and neutrophils [3]. In another previous study, when the cells in BAL from TMPD-injected 

(0.5 ml, ip)  WT B6 mice were examined via flow cytometry, the numbers of monocytes, 

granulocytes, CD19+ B cells, CD4+ and CD8+ T cells were increased over the 2-weeks 

period [4]. Our immune cell findings in the lungs are similar to the findings in BAL fluid in 

these published studies. 

A community study showed that people living near an oil field waste site with 

increased levels of TMPD in house dust had increased proportions of B cells in their 

peripheral blood compared to the control population [12], suggesting a possible role of B 

cells in TMPD-induced immune pathology. This assumption is supported by an animal 

study that showed that TMPD-DPH is markedly reduced in B cell-deficient (Igμ–/–) mice; 

and the reconstitution with B cells reverses the protection from DPH in Igμ–/– B6 mice [4]. 

Another study showed a sharp increase in serum IgM levels within a few days of TMPD-

injection in mice [61]. However, the mechanism by which B cells contribute to the 

pathogenesis of TMPD-DPH is unclear.  

Our findings of the increased proportions of B1 B cells in the lungs and reduced 
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proportions in the peritoneum of TMPD-injected mice as compared to controls in the 

peritoneal fluid were unexpected, and may be critical in the pathogenesis of DPH. B1 B 

cell is subset of innate B cells that rapidly produce IgM. We posit that TMPD that induces 

DPH, as compared to Hex that does not, induce a different set of genes in the target 

organ prior to the onset of DPH. Our specific hypothesis was that TMPD-induced 

molecular changes in the lungs are conducive to the recruitment of B1 B cells from their 

peritoneal and pleural locations.  

Based on these findings we decided to investigate the effects of TMPD in CD19-/- 

B6 mice since they have significantly decreased B1a B cells in the peritoneum compared 

to WT B6 mice [43], and showed decreased incidence of lung fibrosis in a bleomycin 

animal model [45].   
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Fig 4.1 Flow cytometry analysis of B cells in Lungs, and Peritoneal Fluid at 1-week 

Timepoint. WT B6 mice (males) were injected with TMPD, Hex or PBS (0.5 ml, ip), and 

euthanized at 1-week time point. Cells were gated on CD19+ live lymphocytes. (A) Lungs 

showed a significant increase in absolute cell counts of CD19+ B cells in TMPD-exposed 

mice. (B) Increased percentage of CD19+ B cells in lungs of TMPD-exposed mice 

(representative of all 4 independent experiments). (C) Decreased absolute cell counts 

CD19+ B cells in PF of Hex- and TMPD-exposed mice (D) Decreased percentage of 

CD19+ B cells in PF of Hex- and TMPD-exposed mice (representative of all 4 independent 

experiments). For absolute cells counts data shown from two experiments since age of 

mice different within 4 independent experiments, and in two experiments the lower right 

lobe of lungs were taken for histology. TMPD (n=12), hexadecane (n=10), controls 

(PBS/sham-injected, n=8). Numbers on a representative dot plot indicate percentage of 

cells. 1 X106 cells were stained. Data are presented as mean±SEM, *P<0.05
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Fig 4.2 Flow cytometry analysis of B cells in Bone Marrow at 1-week Timepoint. WT 

B6 mice (males) were injected with TMPD, Hex or PBS (0.5 ml, ip), and euthanized at 1-

week time point. Cells were gated on CD19+ live lymphocytes. (A) BM showed a 

significant decrease in absolute cell counts of CD19+ B cells in TMPD-exposed mice. (B) 

Decreased percentage of CD19+ B cells in BM of TMPD-exposed mice. Data 

representative of two independent experiments. TMPD (n=6), hexadecane (n=5), and 

PBS (n=5). Numbers on a representative dot plot indicate percentage of cells. 1 X106 

cells were stained. Data are presented as mean±SEM. **P<0.01
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Fig 4.3 Flow cytometry analysis of B cells in Spleen at 1-week Timepoint. WT B6 

mice (males) were injected with TMPD, Hex or PBS (0.5 ml, ip), and euthanized at 1-

week time point. Cells were gated on CD19+ live lymphocytes. (A) Spleen showed a no 

significant change in absolute cell counts of CD19+ B cells between the groups. (B)  

Similar percentage of CD19+ B cells in spleen of all groups (representative of all 4 

independent experiments). (C) Similar proportions of MZB cells (CD19+CD21hiCD23lo) 

cells in spleen of all groups (D) Similar percentage of MZB cells in spleen of all groups 

(representative of all 4 independent experiments). For absolute cells counts data shown 

from two experiments since age of mice different within 4 independent experiments, and 

in two experiments a small piece of the lower part of spleen was taken for histology. TMPD 

(n=12), hexadecane (n=10), controls (PBS/sham-injected, n=9). Numbers on a 

representative dot plot indicate percentage of cells. 1 X106 cells were stained. Data are 

presented as mean±SEM.
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Fig 4.4 Flow cytometry analysis of B1 B cells in Lungs and Peritoneal Fluid at 1-

week Timepoint. WT B6 mice (males) were injected with TMPD, Hex or PBS (0.5 ml, ip), 

and euthanized at 1-week time point. Cells were gated on CD19+ live lymphocytes.  (A) 

Lungs: increased proportions of B1b (CD19+CD11b+CD5-), and B1c B cells in TMPD-

exposed mice vs. controls (B) Peritoneal Fluid: decreased proportions of B1a 

(CD19+CD11b+CD5+), B1b, and B1c B cells in TMPD-exposed mice vs. controls. Data 

representative of all 4 independent experiments. TMPD (n=12), hexadecane (n=10), 

controls (PBS/sham-injected, n=8). Numbers on a representative dot plot indicate 

percentage of cells. 1 X106 cells were stained.
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Fig 4.5 Working model for TMPD-DPH. Based on our B cell findings, we hypothesized 

that a single dose TMPD ip injection leads to an activation of B1 B cells in the 

peritoneal/pleural cavities, resulting in their reduced expression of integrins and an 

increased expression of chemokine/chemokine receptors which leads to an increased 

trafficking of B1 B cells to the lungs, where they secrete IgM/IgA antibodies, cytokines 

and chemokines and serve as efficient antigen presenting cells to activate T cells, which 

may result in local inflammation and DPH. 
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CHAPTER 5 

Role of B1 B cells in the Pathogenesis of Hydrocarbon Oil Induced Lung 
Inflammation and Diffuse Pulmonary Hemorrhage  
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ABSTRACT 

The complete deficiency of B cells in Igµ-/- mice reduced the prevalence of DPH.  

However, there are different subsets of B cells, which have different functions. We found 

that prior to any histopathological changes, TMPD-injected animals had infiltration of 

lungs with B cells that expressed the markers of B1 B cell subset 

(CD19+CD11b+/CD19+CD5+).  To elucidate role of B1 B cells in DPH development, we 

used CD19-/- mice that have significantly reduced B1a B cells in the peritoneal cavity 

compared to wild-type (WT) B6 mice. TMPD (500 μl, ip) was administered to CD19-/- B6 

mice (n=18) and WT B6 mice (n=17). Results show that CD19-/- mice developed 

significantly less DPH, with reduced lung hemorrhage scores (P<0.05) and reduced DPH 

severity as measured by the percentage of eosin-stained area (P<0.01), than WT B6 

mice. Immunofluorescence staining showed less leukocytes (CD45+) and less B cells 

(CD45+IgM+) in the lungs of TMPD-injected CD19-/- vs. WT B6 mice. In a previous 

chapter, we showed the induction of pneumonitis and DPH upon oropharyngeal 

administration of 4µl of TMPD and rapid morbidity and mortality at higher doses of 

oropharyngeal aspiration of TMPD.  To investigate whether B cells play a role in disease 

when the lungs are directly exposed to TMPD, we administered different doses of TMPD 

via oropharyngeal aspiration in CD19-/- and Igµ-/- and WT B6 mice. There was no 

significant difference in the development of TMPD-induced lung inflammation and 

hemorrhage in WT vs. CD19-/- vs. Igµ-/- B6 mice. Thus, B1 B cells play a critical role in the 

development of pneumonitis and DPH when animals are exposed to TMPD via a systemic 

(ip) route, but not upon the direct exposure of lungs to TMPD via oropharyngeal 

aspiration.  
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INTRODUCTION 

A previous study suggested the role of B cells in the pathogenesis of TMPD-

induced DPH.  Igµ-/- MT B6 mice that do not have any B cells had a strikingly reduced 

prevalence of DPH (7% vs 84% in WT B6); reconstitution of Igµ-/- B6 mice with wild-type 

splenic B cells increased the DPH prevalence to 50%, thereby suggesting a possible role 

of B cells in development of DPH [4]. However, no immune complexes or complement 

deposition was detected in the DPH lungs. Furthermore, the transfer of serum from DPH 

mice to naive mice did not induce DPH, although the sample size was too small in this 

experiment [4]. In a more recent study, the susceptibility to DPH was restored in Igµ-/- MT 

mice by infusing IgM. C3-/- and CD18-/- mice were also resistant to DPH [35]. These 

observations suggest a role of B cells and IgM as well as Mac-1 (CD18) in the 

pathogenesis of DPH. T cells are not required for the development of TMPD-induced DPH 

[4].  Among different B cell subsets, marginal zone B cells and B1 B cells rapidly produce 

large amounts of IgM during early T-independent phase of immune responses [32]. B1 B 

cells also express CD18.  Furthermore, our studies in the previous chapter showed that 

at day 7 timepoint, prior to any histopathological changes, TMPD caused increased 

infiltration of CD19+ B cells and subset B1 B cells (CD19+CD11b+/CD19+CD5+) in lungs. 

B1 B cells were simultaneously reduced significantly in their usual location, peritoneal 

cavity in TMPD-exposed mice. Taken together, these observations led us to hypothesize 

that B1 B cells are involved in the pathogenesis of TMPD-DPH.  

CD19-deficient mice were generated to examine the role of CD19 in B cell 

regulation in vivo. Deletion of CD19 had no deleterious effects on the generation of B 

cells in the bone marrow, but there was a significant reduction in the number of B cells in 
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peripheral lymphoid tissues. To selectively modify genes in B lymphocytes, Rickert et al. 

generated mice (designated CD19-/- (Cre); B6 background) which express cre under the 

transcriptional control of the B lineage-restricted CD19 gene. In a model system involving 

the cross of CD19-/- (Cre) mice with mice bearing a loxP-flanked substrate, they found a 

deletion efficiency of 75–80% in bone marrow-derived pre-B cells and 90–95% in splenic 

B cells [41]. We have used these CD19-/- (Cre) mice to study the pathogenesis of TMPD-

DPH for the following reason. 

The B-1 subpopulation of B lymphocytes is particularly sensitive to CD19 

regulation, since their development is severely decreased in CD19-/- mice. Specifically, 

development of CD5+  B cells was severely decreased in CD19-/- mice [42]. The 

frequencies of peritoneal B-1a and B-1b cells were clearly different between CD19-/- B6, 

WT B6, and hCD19Tg mice when CD5 expression was used to differentiate peritoneal 

B1a (CD5
+
CD11b

+
) and B1b (CD5

−
CD11b

+
) cells. Although the peritoneal CD11b

+ B cell 

population exhibited an IgM
hi phenotype in all mice, the vast majority of 

CD11b
+
B220

+ cells were CD5
− in CD19-/- mice [43].  

The CD19-/- B6 mouse model has been utilized to study atopic dermatitis, skin and 

lung fibrosis [44, 45]. Suppressed allergic skin inflammation in CD19-/- mice is likely due 

to the decreased B-cell numbers and/or impaired proliferation capacity of B cells [44].  

CD19 deficiency also inhibited the development of skin and lung fibrosis and autoantibody 

production in a bleomycin-induced scleroderma model [45]. 

Here, we compared the development of TMPD-DPH and B cell infiltration and IgM 

deposition in the lungs between CD19-/- mice and WT B6 mice after a systemic (ip) as 

well direct (oropharyngeal aspiration) exposure to TMPD.   
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METHODS 

Mice 

Wild-type C57BL/6J (WT B6; Black 6; Stock No: 000664), and CD19-/- (CD19 cre; 

B6.129P2(C)-Cd19tm1(cre)Cgn/J; Stock No: 006785) B6 mice (only breeder pairs), and 

Igµ-/- (muMt- ; B6.129S2-Ighmtm1Cgn/J; Stock No: 002288) B6 mice were purchased from 

the Jackson Laboratory and housed in the UCLA Warren Hall (WAH) Barrier Facility. The 

CD19-/- B6 mouse colony was expanded at UCLA WAH, and blood phenotyping via flow 

cytometry was performed to confirm genotype of mice.  

The UCLA Institutional Animal Care and Use Committee, known as the Chancellor’s 

Animal Research Committee (ARC), approved the protocol for this study. 

Dose Administration and Bodyweight Assessment  

TMPD-DPH Model in CD19-/-  B6 vs. WT B6 Experiments:  

To establish whether TMPD-DPH occurs in CD19-/- B6 mice, we administered TMPD (500 

μl, ip) under isoflurane anesthesia to CD19-/-  B6 (n=18), and WT B6 (n=17) mice. The 

day of TMPD administration was Day 0 for each experiment and their bodyweight was 

monitored at different timepoints for up to 2-weeks post exposure. Controls were 

unmanipulated CD19-/-  B6 (n=4) and WT B6 (n=4). Both males and females, 3-4 months 

old mice were used in the experiments.  

To investigate the early cellular changes that occur in CD19-/- B6, and WT B6 mice 

(n=5/group, males, 3 months old) were used. We administered TMPD (500 μl, ip) to the 

mice under isoflurane anesthesia, and their bodyweight was monitored up to Day 7 post 

exposure. 

Oropharyngeal Aspiration of TMPD in Mice 
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Each animal was lightly anesthetized with Ketamine/Xylazine solution (ip, 100 µl). OA 

was performed as described in previous studies [53, 54]. Mice were fixed on a surgery 

board, the tongue was pulled out with a forceps, and the liquid (TMPD/Hex/PBS) was 

placed onto the distal part of the oropharynx using a micropipette, while the nose was 

gently closed.  

WT and CD19-/- B6 mice were given OA of 40 µl PBS, and different doses (40 µl, 20 µl, 8 

µl, and 4 µl) of TMPD. Males and females, 2-5 months old mice were used in the 

experiments. 

Only the low dose of 4 µl TMPD was tested in Igµ-/- B6 mice (n=4; males; 2 months old).  

For OA with low dose of 4 µl TMPD, each animal was given OA of 6 µl sterile DPBS (1X) 

immediately after to assure that the oil is flushed down, and not stuck at the oropharyngeal 

opening. 

Reagents  

2,6,10,14-Tetramethylpentadecane BioReagent (TMPD, Molecular Weight 268.52, CAS 

Number 1921-70-6), synthetic, liquid, sterile-filtered, purity ≥95% (Sigma-Aldrich Corp., 

St. Louis, MO; Lot Nos. RNBB3307V and RNBF1748). Ketamine Hydrochloride injection 

USP (Ketalarâ; Par Pharmaceuticals Cos., Inc., NY), Xylazine injection (AnaSedâ; Lloyd, 

Inc., IA), or Isoflurane USP (Piramal Healthcare Limited, Bethlehem, PA) was used to 

anesthetize/euthanize the mice. Dulbecco’s Phosphate Buffered Saline [DPBS (1X) 

GibcoÔ; Thermo Fisher Scientific Inc., Waltham, MA] was used to perfuse the lungs, and 

to clean the small and large intestines. Ethyl alcohol (Decon Laboratories, King of Prussia, 

PA) was used to clean the mouse prior to necropsy and preserve tissues for histology. 

Formalin 10% (Fischer Scientific Company LLC, Kalamazoo, MI) was used to fix the 
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tissues for histology.  The lungs were digested with Collagenase, Type 1 (Worthington 

Biochemical Corporation, Lakewood, NJ) and Deoxyribonuclease I from bovine pancreas 

(DNase; Sigma-Aldrich Corp., St. Louis, MO), and the enzymatic digestion process was 

stopped with UltraPure™ EDTA (Invitrogen™, Thermo Fisher Scientific Inc., Waltham, 

MA). Red blood cells (RBCs) in spleen were removed with lysis buffer BD Pharm LyseÔ 

(BD Biosciences, San Jose, CA). For flow cytometry, the tissues were collected and cells 

washed with RPMI 1640 Medium (GibcoÔ; Thermo Fisher Scientific Inc., Waltham, MA). 

FACS buffer for immunostaining was made with PBS 10X (Fischer Scientific Company 

LLC, Fair Lawn, NJ) and Bovine serum albumin (BSA; Fischer Scientific Company LLC, 

Fair Lawn, NJ). Trypan blue (MP Biomedicals LLC, Solon, OH) was used to count viable 

cells for immunostaining. Tissue freezing medium (Triangle Biomedical Sciences, 

Durham, NC) was used to freeze lung tissue. 

Necropsy  

On the day of necropsy, each mouse was placed in a chamber that contained isoflurane 

for 3-5 minutes until it was euthanized. After the mouse ceased to breathe, it was taken 

out of the chamber and placed on a dissection mat. The mouse’s body was cleaned with 

alcohol and its outer skin was cut. The peritoneum was infused with 10 ml of cold DPBS 

1X, lavage was performed for peritoneal fluid (PF) collection. Cardiac blood was collected 

for serum analysis. The lungs were perfused via the heart, with DPBS 1X to remove the 

blood from them after the aorta was cut.  

For TMPD 2-weeks timepoint, WT B6 vs. CD19-/- B6 experiments: The lungs 

(except lower right lobe), liver (left lateral and right medial lobes), spleen (lower part small 

piece), kidney (right), 2 sections each of small intestine, and large intestine were fixed in 
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10% formalin for at least 24 hours. The small and large intestine sections were cleaned 

with DPBS 1X solution before they were preserved for histology. The lower right lobe of 

the lungs were fixed with tissue freezing medium, flash frozen with liquid nitrogen and 

then stored at -80° C. Cells from PF and spleen were analyzed by flow cytometry. 

For TMPD Day 7 timepoint, WT B6 vs. CD19-/- B6 experiments: The whole lungs 

were incubated at 37oC in RPMI medium with Collagenase and DNase for one hour, and 

digestion was stopped by adding EDTA. Cells from PF and lungs were analyzed by flow 

cytometry. 

For animals given OA of TMPD at doses of 40 µl or 20 µl, each animal was 

euthanized with Ketamine/Xylazine solution (ip, 200 µl). Since majority of the animals 

given OA of 40 µl TMPD, died immediately after treatment no tissues were collected. For 

all the other OA experiments the cardiac blood, whole lungs and trachea was collected. 

Immunofluorescence (IF) Staining  

Paraffin embedded sections of lungs were used for IF staining with mAbs specific 

for lymphocytes. UCLA Translational Pathology Core Laboratory (TPCL) performed the 

IF staining for the slides.  For TMPD 2-weeks timepoint, WT B6 vs. CD19-/- B6 

experiments: Purified anti-mouse CD45 (Clone 30-F11 (RUO); BD Biosciences, San 

Jose, CA) at a dilution 1:200 was used.  To identify lymphocytes specifically producing 

IgM, we used Alexa Fluor 488 anti-mouse IgM (Cat. A21042; Life Technologies Corp., 

Carlsbad, CA) at a dilution 1:200. Deparaffinized and hydrationed sections were treated 

with blocking reagent (PerkinElmer antibody diluent buffer) for 10 minutes at room 

temperature. Sections were then incubated with primary antibody working solution 

(conditions specific to antibody). Sections were then incubated (30 minutes) with a 
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secondary anti-mouse antibody followed by a horseradish peroxidase conjugated 

complex.  For signal amplification, each slide was incubated at room temperature for 10 

minutes with opal Fluorophore Working Solution (1:50 dilution). Applied DAPI 

(ProLong® Gold Antifade Mountant with DAPI; Invitrogen, Carlsbad, CA) at a 

dilution of 1:2000 for 5 minutes in a humidity chamber, and then placed coverslip. 

Histopathological Assessment  

UCLA TPCL embedded the tissues in paraffin. Sections were stained with 

hematoxylin and eosin (H&E) for all the experiments. Lungs were scored for hemorrhage 

(hem), and the grading criteria was: grade 0, normal; grade 1, minimal hem; grade 2, mild 

hem; grade 3, moderate hem; grade 4.  Lungs were scored for inflammation (inf), and the 

grading criteria was: grade 0, normal; grade 1, minimal inf; grade 2, mild inf; grade 3, 

moderate inf; grade 4.  severe inf. All the slides were examined independently by a 

pathologist in a blinded manner for hemorrhage and inflammation.  

H&E slides were digitized on a ScanScope AT (Leica Biosystems, Inc., Vista, CA),  

all the slides were scanned at 40X objective magnification. Morphometric analysis was 

performed with Definiens’ Tissue Studio (Definiens Inc., Parsippany, NJ) to determine the 

area of eosin staining in a non-biased method.  Briefly, a stain specific algorithm was 

created using the pre-defined marker area detection module and classification tool. 

Thresholds were set to classify eosin stain for the entire tissue area. The data were 

exported to Microsoft Excel for further statistical analysis. 

 Fluorescent images were acquired and analyzed using the Leica Versa (Applied 

Imaging Corp., San Jose, CA).  The Versa scanner is based on a Leica DM600 B 

microscope with motorized stage and autofocus capabilities.  Slides were scanned at 20X 
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or 40X objective magnification with the DAPI, FITC and TRITC filters.  Optimal exposure 

times were determined before automated scanning.  After scanning, images were 

exported for subsequent analysis. 

Using the Definiens Tissue Studio™ product, stain specific algorithms were 

created, utilizing Definiens eCognitionNetwork Language™ for the pre-defined cellular 

detection modules and classification tools, to identify positive stained cells and cells with 

colocalized staining within each tissue region. Thresholds were set to classify the 

following: blue channel for DAPI, green channel for IgM and red channel for CD45. The 

data were exported to Microsoft Excel for further statistical analysis. 

Scanning and analyses were performed through TPCL, Department of Pathology 

and Laboratory Medicine, David Geffen School of Medicine at UCLA. 

Flow Cytometric Analysis 

Cells from lungs, peritoneal fluid, and spleen were washed with RPMI medium. 

Red blood cells (RBCs) in spleen were removed with lysis buffer, then kept in FACS 

buffer. After blockade of Fc receptors with purified anti-mouse CD16/CD32 mAb (clone 

2.4G2; Tonbo Biosciences, San Diego, CA), cells were stained with the corresponding 

Ab mixtures. The following mAbs were used: APC-labeled anti-mouse CD19 (clone 1D3; 

Tonbo Biosciences, San Diego, CA), FITC-labeled anti-mouse CD19 (clone 1D3; Tonbo 

Biosciences, San Diego, CA), PerCP-Cyanine5.5-labeled anti- mouse CD19 (clone 1D3; 

Tonbo Biosciences, San Diego, CA), PE-labeled anti-mouse CD19 (clone 1D3; Tonbo 

Biosciences, San Diego, CA),  APC-labeled anti-mouse CD45.1 (clone A20; BioLegend 

Inc., San Diego, CA), Alexa Fluor 700-labeled anti-mouse B220 (clone RA3-682; 

BioLegend Inc., San Diego, CA), PerCP Cy5.5-labeled anti-mouse B220 (clone RA3-682; 
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BD Biosciences, San Jose, CA), FITC-labeled anti-mouse IgM (clone RMM-1; BioLegend 

Inc., San Diego, CA), eFluor NC-650-labeled anti-mouse IgM (clone 11/41; eBiosciences, 

San Diego, CA), PE-labeled anti-mouse CD5 (clone 53-7.3, eBiosciences, San Diego, 

CA), PerCP-Cyanine5.5-labeled anti-human/mouse CD11b (clone M1/70; Tonbo 

Biosciences, San Diego, CA),  APC-labeled anti-mouse CD11b (clone M1/70; Tonbo 

Biosciences, San Diego, CA), V500-labeled CD11b (clone M1/70; BD Biosciences, San 

Jose, CA), and PE-labeled anti-mouse TCRß (clone H57-597, Tonbo Biosciences, San 

Diego, CA). 

For the WT B6 vs. CD19-/- experiments (TMPD 1-week and 2-weeks), the cells 

were acquired using the LSR Fortessa BV605 FACS, at the UCLA Immune Assessment 

Core (IAC). All the data were analyzed using the FlowJo software Version 8.7 (Ashland, 

OR).  

Data Analysis  

The lung hemorrhage and inflammation scores for histopathology were statistically 

analyzed by Chi-square test. For the bodyweight changes, quantitative assessment of 

eosin staining in lungs, and total cells counts in the lungs, peritoneal fluid, the differences 

between groups were statistically analyzed by unpaired Student’s t-test with Welch’s 

correction method with P < 0.05 considered to be significant. Data are presented as 

mean±SEM. Data was analyzed utilizing Microsoft Excel and Prism 6.0 (GraphPad 

Software, San Diego, CA). 

RESULTS 

CD19-deficiency ameliorates TMPD-induced DPH.  
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To determine the effect of B1 B cells on TMPD-induced DPH, we injected CD19-/- mice 

and WT B6 mice with TMPD. Animals were monitored for weight loss and euthanized on 

or before day 14 for lung histopathology studies. As compared to 70% of wild-type 

animals, only 11% of CD19-/- mice lost 20% bodyweight within 14 days post-TMPD (Figure 

5.1A).  All animals with 20% weight loss, but none of the remaining animals, had lung 

hemorrhage.  

To assess TMPD-induced lung pathology, we established a semi-quantitative 

system to score lung hemorrhage (Figure 5.1B) and inflammation on a scale of 0-4.  We 

further established a morphometric analysis that was performed using Definiens’ Tissue 

Studio (Definiens Inc.) on digitized slides to measure the area of eosin staining in a non-

biased method, which served as a quantitative estimate of lung hemorrhage.  

The prevalence of lung hemorrhage was significantly lower (55%) in CD19-/- mice 

than WT B6 mice (76%) (Figure 5.1C). The prevalence of severe DPH was rare (6%) in 

CD19-/- mice compared to wild-type mice (53%). The lung hemorrhage scores were 

significantly lower in CD19-/- than WT B6 mice (Figure 5.1D). However, the lung 

inflammation scores were not significantly different between CD19-/- and wild-type mice, 

although there was a trend towards less inflammation in CD19-/- mice (Figure 5.1F). 

Finally, the quantitative estimate of lung hemorrhage, as measured by the percentage of 

lung area eosin stain, showed a highly significant decrease in CD19-/- mice compared to 

WT B6 mice (Figure 5.1E). These results clearly demonstrate a protective effect of CD19-

deficiency on TMPD-induced DPH.  

The histopathologic evaluation of liver, spleen, kidney, small intestine, and large 

intestine showed no changes in both wild-type and CD19-/- TMPD-injected mice (not 
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shown). Animals in both groups had a focal chronic inflammation/fibrosis and granulation 

in the outer fat of intestines/liver/spleen.  

CD19-deficient mice have reduced TMPD-induced infiltration with leukocytes and 

B cells and IgM deposition in the lungs. 

To determine the effect of CD19 deficiency on lung infiltration with total leukocytes and B 

cells as well as for local IgM deposition, we conducted immunofluorescence staining of 

the lungs. Few B cells were detected in the lungs of unmanipulated WT mice and even 

fewer in CD19-/- mice.  At 2-weeks post-TMPD, total leukocyte infiltration and IgM+ B cells 

as well as IgM deposition in the lungs were increased as compared to unmanipulated 

controls in both WT and CD19-/- B6 mice, however, all three parameters were lower in 

CD19-/- than in WT B6 mice (Figure 5.2A-D). 

Consistent with the above immunostaining data showing less leukocytes (CD45+) 

and B cells (CD45+IgM+) in CD19-/- mice than in WT mice, flow cytometry analysis in lungs 

prior to any histopathological change (1 week post-TMPD) revealed less total cell count, 

and lower proportions of B cells (B220+IgM+) and B1 B cells (B220+IgM+ 

CD5+CD11b+/CD5-CD11b+/CD5+CD11b-) in CD19-/- mice than in WT mice (Fig. 5.2 E, F).   

Peritoneal B1a B cells at 2-weeks post-TMPD are reduced from the baseline in WT 

mice, but not in CD19-deficient mice. 

Analysis of peritoneal fluid cells showed that the total cellularity was significantly 

increased 2-weeks post-TMPD in both WT and CD19-/- mice as compared to their 

unmanipulated controls, but there was no significant difference in cell counts between WT 

and CD19-/- mice both at baseline and 2-weeks after TMPD injection (Figure 5.3).  As 



 85 

previously reported, all B cells and B1a B cells were lower in CD19-/- mice than in WT 

mice at the baseline.  Furthermore, peritoneal B cells expressed higher levels of IgM and 

CD5 in CD19-/- mice than in WT mice.  Post-TMPD, B cells were reduced by ~3.5-fold in 

WT and ~2.3-fold in CD19-/- mice as compared to their unmanipulated controls. However, 

IgMhi B cells were dramatically reduced after TMPD injection in WT mice but not so much 

in CD19-/- mice.   CD19-/- mice also had a higher proportion of B1a cells post-TMPD than 

at baseline, whereas the proportion of B1a cells among all B cells remained similar 

between baseline and 2-weeks post-TMPD in WT mice.  

CD19-deficiency does not protect from disease when TMPD is administered via 

oropharyngeal aspiration.  

We investigated the effect of oropharyngeal aspiration (OA) of TMPD at different doses 

in WT and CD19-/- B6 mice. At all doses tested except TMPD 4 µl, the animals became 

moribund and started dying within 18 to 36-hours post exposure. WT (n=4-8/group) and 

CD19-/- (n=3-8/group) B6 mice, were administered TMPD at different doses [40 µl, 20 µl, 

8 µl, 6 µl (only WT mice), and 4 µl] via OA route. Controls were administered OA of 40 μl 

PBS (n=3/group). Both males and females, 2-5 months old mice were used, and six 

independent experiments were performed. For the OA of 40 µl TMPD experiment, WT 

and CD19-/- B6 mice were used (females; 5 months old) were used. WT mice (4/5) died 

immediately after exposure. One WT mouse and all CD19-/- mice (n=3) were moribund 

post-OA of 40 µl TMPD, and euthanized within 18 hours-post exposure. Controls (PBS; 

n=3/groups) were normal, no loss of bodyweight, and necropsy was performed on them 

at 4-weeks post-TMPD exposure.  There was high mortality and animals were moribund 

within 24-48 hours post-OA with TMPD at doses of 20 µl, 8 µl, and 6 µl. At all doses of 
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TMPD the WT B6 mice developed lung inflammation, however lung hemorrhage only 

occurred in mice that were found dead post-OA. A similar response was observed in the 

CD19-/- B6 mice at all doses of TMPD (Figure 5.4). 

 WT and CD19-/- B6 mice (n=4/group; females; 5 months old) were administered 

OA of TMPD 20 μl. Lung sections were stained with H&E, and scored for lung hemorrhage 

and inflammation. All sections were scored by a pathologist in a blinded manner. Only 

one TMPD-exposed WT B6 mouse that died within 18 hours-post exposure had moderate 

lung hemorrhage and inflammation. All the other mice were moribund, 10-15% 

bodyweight loss, and were euthanized on Day 1. Majority of the mice showed minimal to 

mild inflammation, however there was no hemorrhage in the lungs in TMPD-exposed WT 

and CD19-/- B6 mice (Figure 5.4).  

WT and CD19-/- B6 mice (n=4/group; males; 3 months old) were administered OA 

of TMPD 8 μl. Only one TMPD-exposed CD19-/- B6 mouse that died within 36 hours-post 

exposure had minimal lung hemorrhage. All the other mice were moribund, 10-15% 

bodyweight loss, and were euthanized on Day 2. None of the animals had hemorrhage, 

and only one animal showed minimal inflammation in the lungs. There was hyaline 

membrane formation in mice (1/group) that died within 36 hours-post exposure with 

TMPD, indicative of acute lung injury (Figure 5.4).  

The effects of OA of 4 μl TMPD in WT vs. CD19-/- vs. Igµ-/- B6 mice on lungs were 

investigated. Two independent experiments were performed. In the first experiment 

conducted with OA of TMPD 4 μl in WT vs. CD19-/- B6 mice (n=4/group, females, 3 

months), there was 15-20% loss of bodyweight in 50% animals within 3-days post 
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exposure, however the mice gained weight after Day 4 and were normal thereafter (data 

not shown). Necropsy was performed on Day 17, since we wanted to observe the short-

term effects of OA of TMPD. In the second experiment performed, effects of OA of 4 μl 

TMPD in WT vs. CD19-/- vs. Igµ-/- B6 mice (n=4/group, males, 2 months old) were studied. 

In the WT and CD19-/- groups, the mice started dying by Day 3.  In addition, by Day 4 the 

mice were moribund and 20% loss of bodyweight in mice (2/group) in the TMPD-exposed 

WT, CD19-/-, Igµ-/- groups. Moribund mice were euthanized on Day 4, normal mice were 

euthanized on Day 17. TMPD-exposed WT (3/8 mice) and CD19-/- (2/8 mice) had 

minimal/mild hemorrhage. Majority of the mice showed minimal-severe inflammation in 

all groups (Figures 5.4 and 5.5).    

DISCUSSION 

Previous studies have shown that Igµ-/- MT B6 mice (do not have any B cells) had 

a strikingly reduced prevalence of DPH (7% vs 84% in WT B6) [4, 26]. However, the 

specific B cell subsets that may be involved in DPH pathogenesis have not been 

identified.  Here, we have established that CD19-/- mice develop significantly less lung 

hemorrhage than WT B6 mice. The B-1 subpopulation of B lymphocytes is particularly 

sensitive to CD19 regulation, since their development is severely decreased in CD19-/- 

mice. Specifically, development of CD5+  B cells was severely decreased in CD19-/- mice 

[42]. The frequencies of peritoneal B-1a and B-1b cells were clearly different between 

CD19-/- and WT B6 mice when CD5 expression was used to differentiate peritoneal B1a 

(CD5
+
CD11b

+
) and B1b (CD5

−
CD11b

+
) cells [43]. We observed similar differences in the 

peritoneal B1a B cell population in CD19-/- and WT B6 mice. 
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The CD19-/- mouse model has been utilized to study atopic dermatitis, skin and 

lung fibrosis [44], [45]. Suppressed allergic skin inflammation in CD19-/- mice was likely 

due to the decreased B-cell numbers and/or impaired proliferation capacity of B cells, 

and reduced peritoneal B1a cells may decrease IL-17 secretion [44]. 

 CD19 deficiency inhibited the development of skin and lung fibrosis, 

and autoantibody production by inhibiting TLR4 signals in a Bleomycin-induced 

scleroderma model. B-cell activation contributes to downstream inflammatory infiltration 

of other immune cells. CD19 deficiency inhibited the production of Th1, Th2 cytokines 

and TGF-β1 (except TNF-α), suppressed mast cell and macrophage infiltration [45]. 

The serum levels of all immunoglobulin isotypes examined were significantly 

reduced in CD19-/- mice when compared with WT B6 mice. On average, IgM levels were 

significantly reduced by 75%, IgG1 by 66%, IgG2a by 64%, IgG2b by 72%, lgG3 by 57%, 

and IgA by 46%. Thus, the combination of decreased B cell numbers along with the 

decreased proliferative responses of CD19-/- mice have a considerable impact on the 

immune status of these mice [40]. Our flow cytometry analysis also showed significantly 

less proportions of B220+IgM+ cells in the peritoneal fluid (PF) of unmanipulated CD19-/- 

vs WT B6 mice. Interestingly, after TMPD-injection at both 1- and 2-weeks timepoint the 

populations of B1a (B220+IgM+CD5+CD11b+) cells are reduced in the WT and CD19-/- 

mice vs. controls. At the 1-week timepoint the total cell counts and proportions of B1a 

cells are higher in WT vs. CD19-/- mice. This supported our hypothesis that peritoneal B1 

B cells migrate to the lungs and play a role in DPH pathogenesis. 

Intriguingly, CD19-/- and Igµ-/- mice were not protected from the development of 

TMPD-induced lung disease when these animals were exposed to 4 µl TMPD via OA 
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route. This may be due to a direct cytotoxic effect of TMPD in the oral cavity, and/or rapid 

absorption via blood. With an ip injection the peritoneal cells (macrophages, B cells, T 

cells, and dendritic cells) are exposed to TMPD, and it takes time for TMPD to enter the 

lymphatic/blood circulation. Potentially, there may be differences in transmembrane 

transport of TMPD or permeability to this oil among dendritic cells, B cells, T cells, and 

monocytes, which may explain their differential susceptibilities to undergo apoptosis [48].  

Our findings are relevant to humans since the major route of exposure to TMPD is 

via inhalation (diesel exhaust, oil mists, aspiration of ingested mineral oil). Since B cells 

do not seem to be involved when mice are exposed to TMPD via OA route, further studies 

are required to establish which specific cell types are involved in the pathogenesis of 

pneumonitis/DPH.
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Fig 5.1 Effect of CD19-deficiency on TMPD-induced weight loss and lung 

inflammation and hemorrhage. Wild-type (WT; n=17) and CD19-/- (n=18) C57Bl/6 (B6) 

mice were administered TMPD (500 μl, ip).  Unmanipulated WT and CD19-/- B6 mice 

(n=4/group) served as controls.  Male and female mice at 3-4-months of age were used. 

Animals were monitored for general health and daily weight measurements. Animals were 

euthanized on day 14 or before if moribund or had 20% weight loss.  Lung sections were 

stained with H&E, and scored by a pathologist in a blinded manner.  (A) Bodyweights on 

days 0, 7 and 14 are shown in TMPD-injected WT and CD19-/- mice. Data are presented 

from individual animals and as the mean±SEM.  (B) Lung histology was scored on a scale 

of 0-4 for lung hemorrhage.  Whole lung sections were digitized on a ScanScope AT 

(Leica Biosystems, Inc) and viewed with Aperio ImageScope 12.3.0.5 software at a low 
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(0.5X) magnification. (C) Percent prevalence of lung hemorrhage are shown as stack 

bars. (D, F) Lung hemorrhage and inflammation scores (on a scale of 0-4) respectively, 

in individual WT vs. CD19-/- mice are shown as symbol plots.  (E) Morphometric analysis 

was performed using Definiens’ Tissue Studio (Definiens Inc.) on digitized slides to 

measure the area of eosin staining as a quantitative estimate of lung hemorrhage.  Data 

are presented as the percent eosin-stained lung area from individual animals and as the 

mean±SEM.  Results represent five independent experiments. *P<0.05, **P<0.01, 

***P<0.001  
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Fig 5.2 Effect of CD19-deficiency on TMPD-induced Infiltration with Leukocytes, B 

Cells, and IgM Deposition in the Lungs. (A-D) Four each of 3-month-old wild-type (WT) 

and CD19-/- B6 male mice were administered TMPD (500 μl, ip).  Four each of age/sex-

matched unmanipulated WT and CD19-/- B6 mice served as controls. Lungs were 

harvested at 2-weeks, and lung tissue sections immunostained to detect CD45, IgM, and 

DAPI. (A, B) Representative fluorescence microscopy images are shown from one each 

of unmanipulated WT and CD19-/- B6 lungs (left panels), one TMPD-DPH in WT and two 

TMPD-DPH in CD19-/- lungs at original magnification of 20X and a magnified (40X) area 

highlighting CD45+IgM+ cells. Morphometric analyses were performed to enumerate 

leukocytes (CD45+DAPI+, red/blue) and B cells (CD45+IgM+DAPI+, co-localized 

red/green/blue), and to measure IgM-staining (green) area that includes IgM deposition 

(green alone) and B cells.  Note that in unmanipulated mice, while leukocyte numbers 
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were similar between WT and CD19-/- mice, B cells were fewer in CD19-/- mice than in WT 

mice (left panels).  Leukocytes, B cells and IgM deposition were higher in TMPD-injected 

mice (middle and right panels) than in unmanipulated mice. (C) Higher number of co-

localized CD45+IgM+DAPI+ cells in lungs with hemorrhage in TMPD-injected WT vs. 

CD19-/- mice. (D) Total IgM+ area in lungs is significantly increased in TMPD-injected WT 

vs. CD19-/- B6 mice. * P<0.05. 

(E, F) Five each of 3.5-month-old male wild-type (WT) and CD19-/- C57Bl/6 (B6) mice 

were administered TMPD (500 μl, ip).  Animals were euthanized at 1-week timepoint, and 

lungs and peritoneal fluid harvested.  Single cell suspension was analyzed on gated live 

lymphocytes for B cells (B220+IgM+), which were then analyzed for CD5 and CD11b. 

Numbers on representative dot plots indicate percentage of cells.   (E) Total cell counts 

in lungs in CD19-/- vs. WT mice. Data are presented as individual values and as the 

mean±SEM.  (F) Note the lower proportions of B cells (B220+IgM+) and of B1 B cells 

(B220+IgM+ CD5+CD11b+/CD5-CD11b+/CD5+CD11b-) in the lungs of CD19-/- mice than in 

WT mice. 
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Fig 5.3 Effect of CD19-deficiency on Peritoneal Fluid B cells at 2-weeks post-TMPD. 

Wild-type (WT; n=12) and CD19-/- (n=14) C57Bl/6 (B6) mice, 3-4 months old males, were 

administered TMPD (500 μl, ip).  Unmanipulated WT and CD19-/- B6 mice (n=4/group) 

served as controls.  Animals were euthanized at 2-weeks and peritoneal fluid cells 

collected, enumerated, and analyzed for B cells by flow cytometry. Numbers on 

representative dot plots indicate percentage of cells. (A) Total cell counts in peritoneal 

fluid. Data are presented as individual animal values and as the mean±SEM. (B) 

Peritoneal fluid cells were analyzed for B220+IgM+ cells on gated live lymphocytes.  Note 

a lower proportion of B cells (B220+IgM+) in unmanipulated CD19-/- mice than in 

unmanipulated WT mice, and a higher proportion of IgMhigh cells in CD19-/- mice than in 

WT mice post-TMPD. (C) Gated B cells (B220+IgM+) were analyzed for B cell subsets: 

B1a (CD5+CD11b+), B1b (CD5-CD11b+) and B1c (CD5+CD11b-).  Note a lower proportion 

of B1a B cells (B220+IgM+CD5+CD11b+) in CD19-/- mice than in WT unmanipulated mice. 

Post TMPD-injection, CD19-/- mice have a higher percentage of B1a cells than 

unmanipulated CD19-/- mice. Data shown are representative of 4 independent 

experiments. **P<0.01, ***P<0.001
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Fig 5.4 Effect of B cell Deficiency on Lung Inflammation and Hemorrhage upon 

Direct Exposure to TMPD via Oropharyngeal Aspiration. WT, CD19-/- or Igµ-/- B6 mice 

were administered TMPD or PBS at the doses indicated on the panels. Animals were 

euthanized at day 17 or sooner if moribund.  Most animals at 20 μl and 8 μl dose were 

moribund within three days of oropharyngeal aspiration of TMPD.  Lungs were harvested, 
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sections stained with H&E, and scored for hemorrhage and inflammation by a pathologist 

in a blinded manner, as indicated in Methods. (A, B) Similar scores were seen in WT, 

CD19-/- and Igµ-/- mice at all doses of TMPD.  Each symbol represents individual mouse 

values. (C) Representative lung areas with inflammation (I) from 4 µl experiment at 12.5X 

and 400X magnification are shown. Five independent experiments using 2-5-month-old 

male and female mice were performed. 
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Fig 5.5 Effects of Hydrocarbon Oils (4 µl) via Oropharyngeal Aspiration in Different 

Strains of Mice. Mice (n=4-8/group; females and males; 2-3 months old) were 

administered OA with 4μl of hexadecane or TMPD. Moribund mice were euthanized on 

day 4 and healthy looking mice were euthanized on day 17. Lung sections were stained 

with H&E, and scored for lung hemorrhage and inflammation. All sections were scored by 

a pathologist in a blinded manner.
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by Day 3-4
0 2 4 2
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CHAPTER 6 

Role of Trafficking of Peritoneal B1 B Cells to Lungs in TMPD Induced Lung 
Inflammation and Diffuse Pulmonary Hemorrhage  
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ABSTRACT 

Upon exposure to TMPD, B cells expressing markers of B1 B cell subset infiltrate the 

lungs prior to any histopathological change while these cells are simultaneously reduced 

in their usual location, peritoneal cavity.  Furthermore, CD19-/- mice that have reduced 

B1a B cells in the peritoneal cavity are protected from the development of TMPD-induced 

pneumonitis and DPH. Here, we tested the hypothesis that upon exposure to TMPD, B1 

B cells traffic from the peritoneum to the lungs, where they induce pneumonitis and DPH. 

To test this hypothesis, we transferred peritoneal cells from the wild-type CD19+CD45.1+ 

B6 mice or control CD19-/-CD45.2+ B6 mice into the peritoneum of naïve CD19-/- CD45.2+ 

or Igµ-/- B6 mice followed by an intraperitoneal injection of TMPD (500 µl) at 24 hours 

post-transfer. The CD19-/- recipients of CD19+ cells developed more lung hemorrhage 

(70%) than the recipients of CD19- cells (10%). Similarly, Igµ-/- recipients of CD19+ cells 

developed more lung inflammation (100%) than the recipients of CD19- cells (33%). In 

resonance with our hypothesis, the CD19-/- CD45.2+ mice reconstituted intraperitoneally 

with peritoneal CD19+CD45.1+ cells showed presence of CD45.1+IgM+ cells in their lungs 

and had significantly higher IgM+ stained lung area than the control mice reconstituted 

with CD19-CD45.2+ cells. Finally, global gene expression analyses in lungs of TMPD-

injected mice revealed a differential expression of a cohort of immune/inflammatory genes 

including a chemokine Cxcl13 that is known to drive migration of B1 B cells. Thus, we 

demonstrated the role of the trafficking of peritoneal B1 B cells to the lungs in the 

pathogenesis of TMPD-induced lung inflammation and hemorrhage. Ongoing studies will 

determine whether TMPD induces early changes in immune-response genes that drive 

the trafficking of innate B1 B cells to the lungs. 
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INTRODUCTION 

B1 B cells mainly reside in the peritoneal and pleural cavities, but they do recirculate and 

migrate in response to various stimuli. In the previous chapter, we showed that CD19-/- 

mice that have a reduced development of CD5-expressing B1a B cells [42, 43] have a 

reduced prevalence and severity of DPH.  We further found that at day 7 timepoint, prior 

to any histopathological changes, TMPD caused increased infiltration of CD19+ B cells 

and subset B1 B cells (CD19+CD11b+/CD19+CD5+) in lungs of WT B6 mice. B1 B cells 

were simultaneously reduced significantly in their usual location, peritoneal cavity in 

TMPD-exposed mice. To test the hypothesis that innate B1 B cells migrate from the 

peritoneum into the lungs, where they promote the development of TMPD-DPH, we 

performed adoptive transfer experiments.  Since peritoneum has a large population of B1 

B cells, we used peritoneal B cells as a source of B1 B cells. To avoid activating the innate 

B1 B cell population, we did not positively select B cells during enrichment. Instead, we 

transferred all the peritoneal cells from CD19+ WT mice into naïve CD19-/- B6 mice. The 

transferred cells were tracked by using CD45.1+ donor cells and CD45.2+ CD19-/- mice as 

recipients. To begin to identify potential molecular mechanisms, we performed microarray 

studies to identify genes that may be potentially involved in the migration of B1 B cells.  

METHODS 

Mice 

CD45.2+ wild-type C57BL/6J (WT B6; Stock No: 000664), breeder pairs of CD19-/- (CD19 

cre; B6.129P2(C)-Cd19tm1(cre)Cgn/J; Stock No: 006785) B6, and Igµ-/- (muMt- ; 

B6.129S2-Ighmtm1Cgn/J; Stock No: 002288) B6 mice were purchased from the Jackson 

Laboratory and CD45.1+ B6 WT mice expressing B6-Ly5.1/Cr (CD45.1+ B6.SJL-
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PtprcaPepcb/BoyCrCrl mice; Strain Code 564) were purchased from Charles River 

Laboratories. All mice were housed in a UCLA animal facility. The CD19-/- B6 mouse 

colony was expanded locally, and phenotyping via flow cytometry was performed to 

confirm the genotype of mice. 

For the adoptive transfer experiments, 2-4-month-old male animals were used. For 

the microarray experiment, 5 month-old male mice (n=24) were used. 

All animal studies were approved by the UCLA Institutional Animal Care and Use 

Committee.  

Dose Administration and Bodyweight Assessment  

Adoptive Transfer Experiments:  

CD19-/-  B6 Recipients: 

For the preliminary adoptive transfer experiments (TMPD Day 7 and Day 11 timepoints), 

all the donors (2 months old), and recipients (2 months old) were male mice. Peritoneal 

B1 B cells were lavaged from donors CD19+CD45.1+ WT B6 mice (n=16), the peritoneal 

fluid (PF) was pooled, and total viable cells counted. We administered 4 million total donor 

peritoneal cells suspended in 500 μl DPBS 1X (sterile) via ip route to each of the naïve 

CD19-/-  CD45.2+ B6 recipients, and 24 hours post-transfer we injected TMPD (500 μl, ip) 

in all the recipients. Controls were unmanipulated CD19-/-  CD45.2+ B6 mice (n=3). 

Necropsy was performed on Day 7 (n=3), and Day 11 (n=4) post TMPD-injection.  

For the TMPD 2-weeks timepoint experiments, all the donors (3-4 months old), and 

recipients (2 months old) were female mice. Peritoneal B1 B cells were lavaged from 

donors CD19+CD45.1+ WT B6 mice (n=16) or CD19-/- CD45.2+ B6 mice (n=16), the 

peritoneal fluid was pooled, and total viable cells counted. We administered 4 million total 
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donor peritoneal cells suspended in 500 μl DPBS 1X (sterile) via ip route to each of the 

naïve CD19-/-  CD45.2+ B6 recipients (n=10, received CD19+CD45.1+ WT B6 peritoneal 

cells; n=10, received CD19-CD45.2+ peritoneal cells). At 24 hours post-transfer, we 

injected all recipients with TMPD (500 μl, ip). Specifically, the control recipients did not 

receive any CD19+ cells. All the recipients were monitored for bodyweight changes up to 

2 weeks. 

Igµ-/- B6 Recipients: 

All the donors (2-3 months old), and recipients (2 months old) were male mice. Peritoneal 

B1 B cells were lavaged from donors CD19+CD45.1+ WT B6 mice (n=16)  or CD19-/- 

CD45.2+ B6 mice (n=16), the peritoneal fluid was pooled, and total viable cells counted. 

We administered 5 million total donor peritoneal fluid cells suspended in 500 μl DPBS 1X 

via ip route to each of the naïve Igµ-/- CD45.2+ B6 recipients (n=6, received CD19+ 

CD45.1+ WT B6 peritoneal cells; n=6, received CD19-CD45.2+ peritoneal cells). At 24 

hours post-transfer, we injected all recipients with TMPD (500 μl, ip). Specifically, the 

control recipients did not receive any CD19+ cells. All the recipients were monitored for 

bodyweight changes up to 3 weeks. 

Microarray Experiment 

Male WT B6 mice were injected with a single dose of TMPD/Hex/PBS (500 μl, ip) under 

isoflurane anesthesia. The mice were divided in 5 groups: PBS (n=3); hex 1-week (n=3), 

TMPD 1-week (n=6), hex 2-weeks (n=6), TMPD 2-weeks (n=6). All the animals were 

monitored for changes in bodyweight, and euthanized at either 1- or 2-weeks timepoints. 

 

Reagents  
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2,6,10,14-Tetramethylpentadecane BioReagent (TMPD, Molecular Weight 268.52, CAS 

Number 1921-70-6), synthetic, liquid, sterile-filtered, purity ≥95% (Sigma-Aldrich Corp., 

St. Louis, MO; Lot Nos. RNBB3307V). Isoflurane USP (Piramal Healthcare Limited, 

Bethlehem, PA) was used to anesthetize/euthanize the mice. Dulbecco’s Phosphate 

Buffered Saline [DPBS (1X) GibcoÔ; Thermo Fisher Scientific Inc., Waltham, MA] was 

used to perfuse the lungs, and to clean the small and large intestines. Ethyl alcohol 

(Decon Laboratories, King of Prussia, PA) was used to clean the mouse prior to necropsy 

and preserve tissues for histology. Formalin 10% (Fischer Scientific Company LLC, 

Kalamazoo, MI) was used to fix the tissues for histology.  The lungs were digested with 

Collagenase, Type 1 (Worthington Biochemical Corporation, Lakewood, NJ) and 

Deoxyribonuclease I from bovine pancreas (DNase; Sigma-Aldrich Corp., St. Louis, MO), 

and the enzymatic digestion process was stopped with UltraPure™ EDTA 

(Invitrogen™, Thermo Fisher Scientific Inc., Waltham, MA). Red blood cells (RBCs) in 

spleen were removed with lysis buffer BD Pharm LyseÔ (BD Biosciences, San Jose, CA). 

For flow cytometry, the tissues were collected and cells washed with RPMI 1640 Medium 

(GibcoÔ; Thermo Fisher Scientific Inc., Waltham, MA). FACS buffer for immunostaining 

was made with PBS 10X (Fischer Scientific Company LLC, Fair Lawn, NJ) and Bovine 

serum albumin (BSA; Fischer Scientific Company LLC, Fair Lawn, NJ). Trypan blue (MP 

Biomedicals LLC, Solon, OH) was used to count viable cells for adoptive transfer/ 

immunostaining.  

Necropsy  

On the day of necropsy, each mouse was placed in a chamber that contained isoflurane 

for 3-5 minutes until it was euthanized. After the mouse ceased to breathe, it was taken 
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out of the chamber and placed on a dissection mat. The mouse’s body was cleaned with 

alcohol and its outer skin was cut. The peritoneum was infused with 10 ml of cold DPBS 

1X, lavage was performed for peritoneal fluid (PF) collection. Cardiac blood was collected 

for serum analysis. The lungs were perfused via the heart, with DPBS 1X to remove the 

blood from them after the aorta was cut.  

For the preliminary adoptive transfer experiments (TMPD Day 7 and Day 11 timepoints) 

in CD19-/- CD45.2+ B6 recipients: The whole lungs were incubated at 37oC in RPMI 

medium with Collagenase and DNase for one hour, and digestion was stopped by adding 

EDTA. Cells from peritoneal fluid (donors and recipients), spleen, and lungs were 

analyzed by flow cytometry. 

For all the TMPD 2-weeks timepoint adoptive transfer experiments in CD19-/- and Igµ-/- 

CD45.2+ B6 recipients: The whole lungs were collected from the recipients and fixed in 

10% formalin for at least 24 hours. Cells from peritoneal fluid of both donors and recipients 

were analyzed by flow cytometry. 

For the microarray experiment, the lungs were collected after perfusion and stored at   

- 80oC, except the lower right lobe which was fixed in 10% formalin for histology. 

Immunofluorescence (IF) Staining  

Paraffin embedded sections of lungs were used for IF staining with mAbs specific 

for lymphocytes. UCLA Translational Pathology Core Laboratory (TPCL) performed the 

IF staining for the slides.  For the TMPD 2-weeks, adoptive transfer experiments to show 

migration of cells in CD19-/-CD45.2+ B6 recipients: Purified anti-mouse CD45.1 (Clone 

A20; BioLegend Inc., San Diego, CA) was used at a dilution of 1:500. To identify 

lymphocytes specifically producing IgM, we used Alexa Fluor 488 anti-mouse IgM 



 105 

(Cat. A21042; Life Technologies Corp., Carlsbad, CA) at a dilution 1:200. Deparaffinized 

and hydrationed sections were treated with blocking reagent (PerkinElmer antibody 

diluent buffer) for 10 minutes at room temperature. Sections were then incubated with 

primary antibody working solution (conditions specific to antibody). Sections were then 

incubated (30 minutes) with a secondary anti-mouse antibody followed by a horseradish 

peroxidase conjugated complex.  For signal amplification, each slide was incubated at 

room temperature for 10 minutes with opal Fluorophore Working Solution (1:50 dilution). 

Applied DAPI (ProLong® Gold Antifade Mountant with DAPI; Invitrogen, 

Carlsbad, CA) at a dilution of 1:2000 for 5 minutes in a humidity chamber, and then 

placed coverslip. 

Histopathological Assessment  

UCLA TPCL embedded the tissues in paraffin. Sections were stained with 

hematoxylin and eosin (H&E) for all the experiments. Lungs were scored for hemorrhage 

(hem), and the grading criteria was: grade 0, normal; grade 1, minimal hem; grade 2, mild 

hem; grade 3, moderate hem; grade 4.  Lungs were scored for inflammation (inf), and the 

grading criteria was: grade 0, normal; grade 1, minimal inf; grade 2, mild inf; grade 3, 

moderate inf; grade 4.  severe inf. All the slides were examined independently by a 

pathologist in a blinded manner for hemorrhage and inflammation.  

H&E slides were digitized on a ScanScope AT (Leica Biosystems, Inc., Vista, CA),  

all the slides were scanned at 40X objective magnification.  

 Fluorescent images were acquired and analyzed using the Leica Versa (Applied 

Imaging Corp., San Jose, CA).  The Versa scanner is based on a Leica DM600 B 

microscope with motorized stage and autofocus capabilities.  Slides were scanned at 20X 
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or 40X objective magnification with the DAPI, FITC and TRITC filters.  Optimal exposure 

times were determined before automated scanning.  After scanning, images were 

exported for subsequent analysis. 

Using the Definiens Tissue Studio™ product, stain specific algorithms were 

created, utilizing Definiens eCognitionNetwork Language™ for the pre-defined cellular 

detection modules and classification tools, to identify positive stained cells and cells with 

colocalized staining within each tissue region. Thresholds were set to classify the 

following: blue channel for DAPI, green channel for IgM and red channel for CD45.1 (for 

the TMPD 2-weeks, adoptive transfer experiments to show migration of cells in CD19-/- 

CD45.2+ B6 recipients). The data were exported to Microsoft Excel for further statistical 

analysis. 

Scanning and analyses were performed through TPCL, Department of Pathology 

and Laboratory Medicine, David Geffen School of Medicine at UCLA. 

Flow Cytometric Analysis 

Cells from lungs, peritoneal fluid, and spleen were washed with RPMI medium. 

Red blood cells (RBCs) in spleen were removed with lysis buffer, then kept in FACS 

buffer. After blockade of Fc receptors with purified anti-mouse CD16/CD32 mAb (clone 

2.4G2; Tonbo Biosciences, San Diego, CA), cells were stained with the corresponding 

Ab mixtures. The following mAbs were used: APC-labeled anti-mouse CD19 (clone 1D3; 

Tonbo Biosciences, San Diego, CA), FITC-labeled anti-mouse CD19 (clone 1D3; Tonbo 

Biosciences, San Diego, CA), PerCP-Cyanine5.5-labeled anti- mouse CD19 (clone 1D3; 

Tonbo Biosciences, San Diego, CA), PE-labeled anti-mouse CD19 (clone 1D3; Tonbo 

Biosciences, San Diego, CA),  APC-labeled anti-mouse CD45.1 (clone A20; BioLegend 
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Inc., San Diego, CA), Alexa Fluor 700-labeled anti-mouse B220 (clone RA3-682; 

BioLegend Inc., San Diego, CA), PerCP Cy5.5-labeled anti-mouse B220 (clone RA3-682; 

BD Biosciences, San Jose, CA), FITC-labeled anti-mouse IgM (clone RMM-1; BioLegend 

Inc., San Diego, CA), eFluor NC-650-labeled anti-mouse IgM (clone 11/41; eBiosciences, 

San Diego, CA), PE-labeled anti-mouse CD5 (clone 53-7.3, eBiosciences, San Diego, 

CA), PerCP-Cyanine5.5-labeled anti-human/mouse CD11b (clone M1/70; Tonbo 

Biosciences, San Diego, CA),  APC-labeled anti-mouse CD11b (clone M1/70; Tonbo 

Biosciences, San Diego, CA), V500-labeled CD11b (clone M1/70; BD Biosciences, San 

Jose, CA), and PE-labeled anti-mouse TCRß (clone H57-597, Tonbo Biosciences, San 

Diego, CA). 

For the adoptive transfer experiments with CD19-/- CD45.2+ B6 recipients, the cells 

were acquired using the LSR Fortessa BV605 FACS, at the UCLA Immune Assessment 

Core (IAC). 

The donor cells for all the adoptive transfer experiments were acquired using the 

BD FACSCalibur™ flow cytometry system (BD Biosciences) in our laboratory. All the data 

were analyzed using the FlowJo software Version 8.7 (Ashland, OR).  

Data Analysis  

The lung hemorrhage and inflammation scores for histopathology were statistically 

analyzed by Chi-square test. For the bodyweight changes, and total cells counts in the 

lungs, peritoneal fluid, and spleen, the differences between groups were statistically 

analyzed by unpaired Student’s t-test with Welch’s correction method with P < 0.05 

considered to be significant. Data are presented as mean±SEM. Data was analyzed 

utilizing Microsoft Excel and Prism 6.0 (GraphPad Software, San Diego, CA). 
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Microarray Analysis 

We performed a global gene expression analysis in the lungs at 1 and 2 weeks 

after an injection (0.5 ml, ip)  of TMPD, Hex or PBS in 15 lung samples (n=3 per group). 

University of Texas Southwestern Medical Center performed RNA extraction from the 

lungs, and the gene expression data were obtained using an Affymetrix mouse 430 2.0 

array. To screen for a differential gene expression profile between the groups, we 

analyzed the microarray data with assistance from the UCLA Biostatistics Core (Director: 

Dr. David Elashoff). Empirical Bayes Moderated t-test was used for analysis, since the 

sample size was small (3 per group). The Empirical Bayes Moderated t-test method is 

similar to t-test but helps use the other genes to get a better idea for the true variability 

(for which the t-test and p-value is based on). In case of a gene with unusually low 

variability, it can be shown as slightly larger and a weighted average between the 

observed variability in the gene and pool the estimated variability from the overall set to 

give a more stable variance estimate. This gives information about the true variances by 

using both the observed and pooled estimate across the sequence of transcripts. A 

marginally significant p<0.10 and fold change (FC) >1.5 was initially utilized as a cutoff to 

compare all the groups. To investigate the biological significance of our findings, we 

established collaboration with Dr. Matteo Pellegrini (UCLA Bioinformatics Collaboratory). 

To assess the biological significance of the differential gene response, we utilized the 

computational tool DAVID-Database for Annotation, Visualization and Integrated 

Discovery Bioinformatics Resources 6.7, NIAID/NIH [62, 63]. Heatmaps were generated 

using MATLAB software (Natick, MA). 
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RESULTS 

Our data in the previous chapter led us to hypothesize that after systemic (ip) exposure 

to TMPD, peritoneal B cells migrate to the lungs, where they induce changes leading to 

the development of pneumonitis and DPH. To test this hypothesis, we conducted adoptive 

transfer studies where peritoneal cells were transferred from unmanipulated donor CD19+ 

CD45.1+ WT mice and control CD19-/- CD45.2+ B6 mice into naive recipient CD19-/- 

CD45.2+ B6 mice. Total cell counts in peritoneal fluid were similar between the WT B6 

and CD19-/- donor mice (Figure 6.1A).  As previously reported, CD19-/- CD45.2+ donor 

mice had lower proportions of B cells (B220+IgM+) and B1a cells 

(B220+IgM+CD5+CD11b+) than CD19+CD45.1+ WT donor mice (Figure 6.1).   

Four million peritoneal fluid cells from the unmanipulated donor B6 mice 

(CD19+CD45.1+ or CD19-CD45.2+) were injected ip into naïve CD19-/- CD45.2+ recipient 

B6 mice. After 24 hours of transfer, the recipient mice were injected with TMPD (0.5 ml, 

ip), and mice were euthanized on days 7, 11 or 14.  Total cell counts in peritoneal fluid 

were significantly increased in CD19-/- CD45.2+ recipients injected with donor B6 WT cells 

on all timepoints as compared to controls (Figure 6.2A). Flow cytometry confirmed the 

presence of transferred CD19+CD45.1+ live lymphocytes in peritoneal fluid of CD19-/- 

CD45.2+ recipients (Figure 6.2B). We did not detect the transferred cells in the peritoneum 

on days 11 and 14, as would be expected from studies in the previous chapter showing 

reduced peritoneal B cells after a TMPD injection. The transferred cells CD19+CD45.1+ 

were not present in the spleen of the recipient mice on Day 7 or Day 11 (data not shown). 

In fact, peritoneal B cells were lower at all timepoints after TMPD injection as compared 

to the baseline (unmanipulated CD19-/-CD45.2+ mice) (Figure 6.2C).  Simultaneously, 
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total leukocyte cell count and absolute count of B cells, especially B220lowIgM+ cells, in 

the lungs were higher in the reconstituted animals than in the unmanipulated controls 

(Figure 6.3).   

At 2-weeks timepoint, 60% animals (n=10) reconstituted with WT (CD19+) cells 

had 20% weight loss compared to only 10% recipients (n=10) reconstituted with CD19- 

cells.  All animals with 20% weight loss had lung hemorrhage that was more prevalent in 

the recipients of CD19+ cells as compared to the recipients of CD19- cells (70% vs. 10%). 

Lung hemorrhage scores were significantly higher in CD19+ cell-recipients than in CD19- 

cell-recipients (P<0.01). Although, there was a trend towards more inflammation in CD19+ 

cell-recipients than in CD19- cell-recipients, the differences were not statistically 

significant (Figure 6.4). These results clearly demonstrate a pathogenic role of peritoneal 

CD19+ B cells in the pathogenesis of TMPD-DPH.   

To reproduce our findings in another B cell-deficient model, we adoptively 

transferred peritoneal B cells isolated from CD45.1+CD19+ (WT) or control CD19-/- 

CD45.2+ into the peritoneum of naïve Igµ-/-CD45.2+ recipients that have no B cells. After 

24 hours of transfer, recipient mice were injected with TMPD (0.5 ml, ip). Animals were 

monitored for weight-loss and all euthanized at 3-weeks to harvest lungs for 

histopathology. One of 6 CD19+ cell-recipients and none of 6 CD19-/- cell-recipients lost 

20% bodyweight, and the animal with weight loss had DPH. Lung inflammation was more 

prevalent and inflammation scores were significantly higher in CD19+ cell-recipients than 

in CD19- cell-recipients (Figure 6.5). Taken together, data in this chapter support the 

hypothesis that peritoneal B cells mediate TMPD-induced inflammatory lung disease.  
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To directly test our hypothesis that peritoneal B cells migrate from the peritoneum 

to lungs after TMPD-injection, we stained the lungs of CD19-/-CD45.2+ B6 recipients 

injected ip with peritoneal cells isolated from CD19+CD45.1+ or control CD19-/- CD45.2+ 

mice followed by a TMPD injection. In the CD19+CD45.1+ cell-recipient group, the normal 

lungs had a few CD45.1+ leukocytes, but were abundant in recipients that had DPH.  As 

expected, CD19-CD45.2+ cell-recipients had no staining for CD45.1. These control mice 

also had no IgM staining, whereas CD19+CD45.1+ cell-recipients with hemorrhage had 

co-localized CD45.1+IgM+DAPI+ cells and increased IgM stained lung tissue (P<0.0001) 

(Figure 6.6). Consistently, the recipients of CD19+ cells had less IgM+ B cells remaining 

in the peritoneum compared to CD19-/- cell-recipients (Figure 6.7). These data clearly 

demonstrate that in response to TMPD, B cells traffic from the peritoneum into the lungs. 

We performed a global gene expression analysis in the lungs of WT B6 mice at 1- 

and 2-weeks after an injection of TMPD, Hex or PBS (0.5 ml, ip) using Affymetrix Gene 

ST 2.0 mRNA microarray in 15 lung samples (n=3/group). Using this analysis, we found 

559, 307, and 161, genes to be differentially expressed between PBS vs. TMPD, Hex vs. 

TMPD, and PBS vs. Hex, respectively, at the 1-week timepoint. At the 2-weeks timepoint 

when animals begin to exhibit features of DPH, 1,751 genes were differentially expressed 

between PBS and TMPD groups, 409 genes in Hex vs. TMPD, and 559 genes in PBS vs. 

Hex groups. 1,071 genes were different in 1- week TMPD vs. 2-week TMPD groups, using 

p<0.10 and FC>1.5 as a cutoff. Histopathology revealed normal lung tissues in all mice 

at the 1-week timepoint, however at the 2-weeks timepoint two of three TMPD-exposed 

mice exhibited severe DPH and one with minor pulmonary inflammation. The two TMPD-

exposed mice with DPH exhibited a dramatically altered gene expression response in the 
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microarray data (Figure 6.8B, C).  

Specifically, the microarray data analyses also showed that as compared to Hex 

controls, TMPD-injected mice have a significantly increased lung expression of 

chemokine Cxcl13 at both timepoints (Figure 6.8A).  Cxcl13 is known to be required for 

the peritoneal/pleural homing as well as egress of B1 B cells [64]. 

For a more stringent differential gene expression profile, we further analyzed the 

data with p <0.05 and fold-change >1.5 as the cutoff, which identified 96 genes that were 

significantly different between the three groups (PBS vs. Hex vs. TMPD) at the 1-week 

timepoint. A functional analysis of these differentially expressed genes utilizing DAVID 

revealed a functional annotation cluster of 16 genes involved in immune system 

development, cell migration, cell motility, secreted proteins, inflammation, chemotaxis, 

response to wounding and defense response pathways. The immune response genes 

that were differentially expressed in the TMPD vs. both controls at both 1-week and 2-

weeks timepoints included Ccl5, Ly96, S100a8, CD14, C1q, Ccl6, Ccl7, Ccl12, IL-6, Mpo, 

Marco, and Cxcl13 (Figure 6.8B, C). 

DISCUSSION  

We demonstrated that the reconstitution of B6 mice that are deficient in all B cells 

(Igµ-/-) or in B1a B cells (CD19-/-) with peritoneal cells that are enriched in B1 B cells 

increases the prevalence and severity of TMPD-induced lung inflammation/hemorrhage 

compared to when the two knockout animals are reconstituted with CD19- peritoneal cells 

that are deficient in B1a B cells. The donor cells (CD45.1+) injected into the peritoneum 

of CD45.2+ recipients were detected in the lungs of recipients at 15 days post-transfer.  

Simultaneously, the transferred cells were reduced in the peritoneum of recipients.  These 
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results clearly demonstrate that in response to TMPD, B1 B cells migrate from the 

peritoneum into the lungs and promote the development of lung inflammation and 

hemorrhage.  

Mechanisms underlying the trafficking of B1 B cells from the peritoneum into the 

lungs are unclear. In preliminary work, we analyzed global gene expression in the lungs 

of animals injected with TMPD, control hydrocarbon oil hexadecane or control PBS (0.5 

ml, ip) with a goal to identify genes that could potentially modulate B1 B cell migration.  

As compared to control hexadecane-injected animals, TMPD-injected mice have an 

increased expression of chemokine Cxcl13 that is known to be required for the 

peritoneal/pleural homing as well as egress of B1 B cells [64].  Ly96 expression is also 

significantly higher in TMPD-exposed mice as compared to both controls across all 

conditions (p = 0.002 to 0.03; FC>1.5). Ly96, also known as myeloid differentiation factor-

2, encodes a protein that associates with TLR4 on the cell surface and confers 

responsiveness to lipopolysaccharide (LPS), thus providing a link between the receptor 

and LPS signaling.  The cellular source and functions of Ly96 are not well delineated. In 

competitive transfer experiments, peritoneal B1 B cells isolated from TLR4
−/− mice exhibit 

an impaired egress compared with those from normal mice [65]. Hence, given an 

association of Ly96 with TLR4, it is possible to posit a role of Ly96 in B1 B trafficking to 

lungs in TMPD-injected mice. Upon activation of B1 B cells through the TLR, integrins 

and tetraspanin, such as CD9 that regulates cell motility, are reduced, resulting in the 

detachment and migration of B1 B cells from the peritoneum. Ongoing studies will 

investigate the role of these genes as well as other potential mechanisms by which TMPD 

induces the migration of B1 B cells and their trafficking to the lungs. Identification of 
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mechanisms that induce the migration of B cells to the lung in this model may pave the 

way for further studies to modulate B cell migration to target organs as a therapeutic 

strategy.   

It remains to be determined whether B1 or B1-like B cells infiltrate the lung in 

patients with a variety of conditions that can manifest with DPH, such as vasculitis, lupus, 

organ transplant, cocaine abuse, and pesticide exposure. These studies are timely 

because rituximab is currently being used in the treatment of some patients with DPH, 

however it indiscriminately depletes most B cells. Identification of the pathogenic subset 

of B cells in DPH and mechanisms underlying the B cell subset’s contribution to DPH 

pathogenesis may open new strategies to develop highly specific therapies to treat DPH. 
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Fig 6.1 Adoptive Transfer Experiments: Characterization of donor cells. Donors 

were unmanipulated CD19+ CD45.1+ WT B6 (n=32) and CD19-/- CD45.2+ B6 mice (n=32), 

age 2-4 months old. Peritoneal fluid cells were harvested, counted, and analyzed by flow 

cytometry. Numbers on representative dot plots indicate percentage of cells. (A) Total 

cell counts in peritoneal fluid were similar in WT B6 and CD19-/- donor mice. Each symbol 

represents pooled peritoneal fluid samples from 8 mice. (B) Peritoneal fluid cells were 

gated on CD19+CD45.1+ live lymphocytes. Peritoneal fluid had 65% CD19+CD45.1+ cells 
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in donor WT mice vs. none in CD19-/- CD45.2+ donor mice. (C) PF cells were gated on 

B220+IgM+ live lymphocytes. CD19-/- CD45.2+ donor mice had lower proportions of B cells 

(B220+IgM+) than CD19+CD45.1+ WT donor mice. (D) CD19-/- CD45.2+ donor mice had 

lower proportions of B1a cells (B220+IgM+CD5+CD11b+) vs. CD19+CD45.1+ WT mice. 

Data are representative of 4 independent experiments.  
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Fig 6.2 Intraperitoneal transfer of donor cells.  Naïve CD19-/- CD45.2+ mice 

were injected (ip) with 4 million peritoneal cells isolated from unmanipulated donor WT 

B6 mice (CD19+CD45.1+). After 24 hours of transfer, recipient mice were injected with 

TMPD (0.5 ml, ip). Animals were euthanized on days 7, 11 or 14 post-TMPD exposure. 

Unmanipulated CD19-/- CD45.2+ mice were used as controls.  (A) Total cell counts 

in peritoneal fluid were significantly increased in CD19-/- CD45.2+ recipients injected with 

donor B6 WT cells at all timepoints vs. baseline controls. (B) Peritoneal fluid cells were 

gated on CD19+CD45.1+ live lymphocytes. Transferred donor (CD19+CD45.1+) cells were 

detected on day 7, but not on days 11 and 14, in the peritoneal fluid of CD19-

/- CD45.2+ recipients. (C) Peritoneal fluid cells were analyzed for B220 and IgM on live 

lymphocytes. Note a reduced proportion of B cells in TMPD-injected reconstituted animals 

at all timepoints, more profoundly on day 14, compared to unmanipulated CD19-/- mice. 

Numbers on representative dot plots indicate percentage of cells. Data are representative 

of 3 independent experiments. Data are presented as mean±SEM. **P<0.01 
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Fig 6.3 Flow cytometry analysis of Lung B cells in CD19-/- CD45.2+ B6 Recipients at 

Day 7 vs. Day 11, that were administered Donor CD45.1+CD19+ B6 WT PF Cells and 

TMPD. Each naïve CD19-/- CD45.2+ recipient mouse was injected (ip) with 4 million 

peritoneal cells from unmanipulated Donor WT B6 mice (CD19+CD45.1+). Post 24 hours 

of transfer, all recipient mice were injected with TMPD (0.5 ml, ip), and mice were 

euthanized either on Day 7 or Day 11. Controls were unmanipulated CD19-/- CD45.2+ 

mice (A) Total cell counts in lungs were significantly increased in CD19-/- CD45.2+ 

recipients injected with Donor WT B6 cells on Day 7 vs. controls. Total cell counts in lungs 

were significantly decreased in Day 11 vs. Day 7 recipients. (B) Lung cells were gated on 

B220+IgM+ live lymphocytes. The CD19-/- CD45.2+ recipients had higher proportions of B 

cells (B220+IgM+) than controls at all timepoints. Furthermore, at Day 11 the proportions 

of IgM+ cells were higher in a recipient that had severe lung hemorrhage (gross pathology) 

vs. controls. Numbers on a representative dot plot indicate percentage of cells. 1 X106 

cells were stained. Data are presented as mean±SEM. *P<0.05 
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Fig 6.4 Effect of Adoptive Transfer of CD19+ WT Peritoneal Fluid Cells on TMPD 

Induced Lung Inflammation and Hemorrhage in CD19-/- Mice.  Each naïve CD19-/- 

CD45.2+ recipient mouse (n=10/group) was injected (ip) with 4 million peritoneal cells 

from unmanipulated donor WT (CD19+CD45.1+) or donor CD19-/- CD45.2+ B6 mice. Post 

24-hours of transfer, all recipient mice were injected with TMPD (0.5 ml, ip), and were 

euthanized at 2-weeks. Females, 2 months old mice were used, and two independent 

experiments were performed. (A) Each mouse was weighed prior to donor PF cells 

administration (Day -1), and prior to TMPD injection (Day 0). Bodyweight was monitored 

at different timepoints for up to 2-weeks post exposure. 60% of the mice in the 

CD19+CD45.1 WT cells recipients vs. 10% of the CD19-CD45.2+ cells recipients, lost 20% 

bodyweight within 2-weeks post TMPD-injection and correlated with lung hemorrhage. 

(B) and (C) Lung hemorrhage prevalence was greater 70% vs. 10%, respectively, in 
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CD19+CD45.1 WT cells recipients vs. CD19-CD45.2+ cells recipients.  Slides were 

digitized on a ScanScope AT (Leica Biosystems, Inc.), whole lung areas at 0.5X low 

magnification. (D) Lung hemorrhage scores in both groups, statistical analysis showed a 

significantly higher hemorrhage score in CD19+CD45.1 WT cells recipients vs. CD19-

CD45.2+ cells recipients. (E) Lung inflammation scores in both groups, although there 

was a trend of less inflammation in CD19-CD45.2+ cells recipients vs. CD19+CD45.1 WT 

cells recipients, it was not statistically significant. **P<0.01 
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Fig 6.5 Effect of Adoptive Transfer of CD19+ WT Peritoneal Fluid Cells on TMPD 

Induced Lung Inflammation and Hemorrhage in B cell-Deficient (Igµ-/-) Mice.  Naïve 

Igµ-/- CD45.2+ mice were injected ip with 5 million peritoneal cells from unmanipulated WT 

(CD19+CD45.1+) or CD19-/- CD45.2+ mice (n = 6/group, 2-month-old males). After 24 

hours of transfer, all recipient mice were injected with TMPD (0.5 ml, ip), monitored for 

general health, and euthanized at 3-weeks. (A). Representative lung tissue sections 

showing more inflammation (I) in WT cell-recipients but not in CD19-/- cell recipients.  

Whole lung areas were digitized on a ScanScope AT (Leica Biosystems, Inc.) at 40X 

magnification, representative lung area at 10X. (B) Prevalence of lung inflammation. (C, 

D) Lung hemorrhage and inflammation scores.  Results represent two independent 

experiments. *P<0.05
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Fig 6.6  Migration of Donor WT CD45.1+IgM+ Peritoneal Fluid Cells to the Lungs of 

CD19-/- CD45.2+ B6 Recipients.  Naïve CD19-/- CD45.2+ recipient mice (n=5/group) were 

injected ip with 4 million peritoneal fluid cells from unmanipulated donor WT mice 

(CD19+CD45.1+) or donor CD19-/- CD45.2+ B6 mice, all 2-month-old females. After 24 

hours of transfer, all recipient mice were injected with TMPD (0.5 ml, ip), and were 

euthanized at 2-weeks.  Lung sections were stained for DAPI, IgM and CD45.1 to identify 

the donor cells expressing IgM in the recipient lungs. Representative fluorescence 

microscopy images are shown. Original magnification 40X. (A) CD19+CD45.1+ WT cell-

recipients: Normal lungs (no hemorrhage) had few CD45.1+DAPI+ leukocytes. Lungs with 

hemorrhage had increased number of CD45.1+IgM+DAPI+ lymphocytes and increased 

IgM stained areas.  The right panel is a magnified area of lung with hemorrhage 

highlighting the presence of CD45.1+IgM+DAPI+ lymphocytes. (B) CD19- CD45.2+ cell-

recipients: As expected, these lungs had no CD45.1+ leukocytes.  Additionally, there were 
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few to no IgM+DAPI+ cells in these recipients. (C, D) The number of CD45.1+IgM+DAPI+ 

cells in lungs and IgM+ stained lung area were significantly higher in CD19+CD45.1+ WT 

cell-recipients than in CD19-CD45.2+ cell-recipients. ****P<0.0001
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Fig 6.7 Analysis of Peritoneal Fluid B cells in CD19-/- Recipients Reconstituted with 

WT or CD19-/- peritoneal fluid cells.  Naïve CD19-/- B6 recipient mice were injected (ip) 

with 4 million peritoneal cells isolated from unmanipulated WT (CD19+) or CD19-/- B6 mice 

(n=5/group, females). After 24 hours of transfer, all recipient mice were injected with 

TMPD (0.5 ml, ip), and euthanized at 2-weeks. (A) Total cell counts in peritoneal fluid 

were lower in recipients transferred with CD19-/- cells than with WT cells. Data are 

presented as individual animal values and as the mean±SEM. (B) Peritoneal fluid cells 

were analyzed for B cells on gated live lymphocytes. Numbers on representative dot plots 

indicate percentage of cells. The WT cell-recipients had lower percentage of B cells 

(B220+IgM+) compared to CD19-/- cell-recipients. 

 

 

 

  

B

0

2

4

6

8
T

o
ta

l C
e

ll 
C

o
u

n
ts

 x
1

06

Adp Transfer Exp 2 CD19KO Recipients
B6 WT Donors vs CD19KO Donors_TMPD 2 Weeks

Peritoneal Fluid: Total Cell CountsPeritoneal Fluid: 2-weeks, Post-TMPD

Donors: WT CD19-/-
IgM

B2
20

PL_CD19KO_AdoptiveTra#3A6D50.jo Layout: 1_PL_CD19KO recp B220IgM_Adp Exp2

5/9/17 5:11 PM Page 1 of 1 (FlowJo v8.7)

Live lympho
S1_Tube_65_012.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

1.94

5.28 1.94

4.288.6

Live lympho
S1_Tube_67_013.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

3.33

12.1 3.33

5.7378.8

Live lympho
S1_Tube_68_014.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

2.37

17.4 2.37

3.4876.7

Live lympho
S1_Tube_69_015.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

3.93

8.7 3.93

6.2681.1

Live lympho
S1_Tube_205_016.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

21.4

7.21 21.4

2.568.9

Live lympho
S1_Tube_206_017.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

10.5

8.52 10.5

4.5976.4

Live lympho
S1_Tube_207_018.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

19.1

9.4 19.1

3.8967.6

Live lympho
S1_Tube_208_019.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

11.8

8.11 11.8

2.1877.9

Live lympho
S1_Tube_209_020.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

11.8

9.96 11.8

3.6274.7

PL_CD19KO_AdoptiveTra#3A6D50.jo Layout: 1_PL_CD19KO recp B220IgM_Adp Exp2

5/9/17 5:11 PM Page 1 of 1 (FlowJo v8.7)

Live lympho
S1_Tube_65_012.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

1.94

5.28 1.94

4.288.6

Live lympho
S1_Tube_67_013.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105
<A

le
xa

 F
lu

or
 7

00
-A

>:
 B

22
0

3.33

12.1 3.33

5.7378.8

Live lympho
S1_Tube_68_014.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

2.37

17.4 2.37

3.4876.7

Live lympho
S1_Tube_69_015.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

3.93

8.7 3.93

6.2681.1

Live lympho
S1_Tube_205_016.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

21.4

7.21 21.4

2.568.9

Live lympho
S1_Tube_206_017.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

10.5

8.52 10.5

4.5976.4

Live lympho
S1_Tube_207_018.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105
<A

le
xa

 F
lu

or
 7

00
-A

>:
 B

22
0

19.1

9.4 19.1

3.8967.6

Live lympho
S1_Tube_208_019.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

11.8

8.11 11.8

2.1877.9

Live lympho
S1_Tube_209_020.fcs

0 102 103 104 105

<PE-CF594-A>: IgM

0

102

103

104

105

<A
le

xa
 F

lu
or

 7
00

-A
>:

 B
22

0

11.8

9.96 11.8

3.6274.7

Donor: WT Cells Donor: CD19-/- Cells
A Recipient: CD19-/- mice

Fig.	6.7



 125 

 

Fig 6.8 Gene Expression Analysis of Lungs at 1 and 2-weeks timepoints. WT B6 

mice (males, 5 months old) were injected with a single dose of TMPD/Hex/PBS (0.5 ml, 

ip), and euthanized at either 1- or 2-weeks timepoints. (A) Microarray data analyses show 

that as compared to Hex controls, TMPD-injected WT B6 mice have an increased lung 

expression of chemokine CXCL13 that is known to be required for the peritoneal/pleural 

homing as well as egress of B1 B cells. (B) Comparison between PBS, Hexadecane and 

TMPD at 1-week timepoint, by functional analysis revealed functional annotation clusters 

of genes involved in immune response/inflammation/chemotaxis/migration/defense 

response pathways. (C) Comparison between Hexadecane and TMPD at 2-weeks 

timepoint, functional analysis revealed a cluster of 21 immune response genes that 

included Ccl5 and Ly96. N=3 mice/group; p<0.05 and fold change>1.5 as the cutoff. 

Statistical analysis performed with Empirical Bayes Moderated t-test. For functional 

analysis utilized DAVID Bioinformatics Resources 6.7, NIAID/NIH. Affymetrix Gene ST 

2.0 mRNA microarray data. 
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SUMMARY and DISCUSSION 
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In this study, we demonstrated that systemic (ip) administration of 500 μl of 

hydrocarbon oil TMPD induces weight loss, and pneumonitis, vasculitis and/or DPH within 

2 weeks of exposure in B6 mice, whereas the same dose regimen of another hydrocarbon 

oil hexadecane induces ascites and mild lung infiltration but no weight loss or DPH up to 

11 months post-exposure.  Administration of lower doses of TMPD (250 μl or 125 μl, ip) 

elicits lung inflammation but minimal to no DPH.  Direct lung exposure by oropharyngeal 

aspiration of low doses (4 μl) of TMPD also induces pneumonitis and DPH, whereas the 

same dose regimen of hexadecane only induces lung inflammation. Oropharyngeal 

aspiration of slightly higher doses (6 μl to 40 μl) of TMPD causes rapid morbidity and early 

mortality within days, along with lung inflammation, hyaline membrane formation in lungs, 

and increased serum creatinine kinase and aspartate aminotransferase.  

At 2-weeks timepoint, all immune cells tested were abnormal in the diseased lungs 

of mice post-TMPD exposure (500 μl, ip).  At earlier timepoints prior to histopathological 

changes, while both Hexadecane and TMPD caused myeloid cell abnormalities, only 

TMPD caused lung-infiltration with B cells that expressed markers of a subset of B cells, 

namely B1 B cells. Such B1 B cells were simultaneously reduced in their usual location 

(peritoneal cavity).  A direct role of these cells in the pathogenesis of TMPD-induced DPH 

was shown using CD19-/- mice that have less B1 B cells. These mice developed less DPH 

and showed lower B cell infiltration in lungs after TMPD-injection (500 μl, ip) than WT B6 

mice. The adoptive transfer of CD45.1+ wild-type peritoneal-fluid cells into the peritoneum 

of naïve CD45.2+CD19-/- recipients led to lung-infiltration with CD45.1+ B-cells and more 

DPH/pneumonitis than CD19-/- recipients reconstituted with CD19-CD45.2+ B-cells.  

These observations provide a direct evidence that in response to TMPD, innate B1 B cells 
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traffic from the peritoneum into the lungs, where they contribute to the development of 

pneumonitis and DPH.  

The consistent development of DPH within 10-30 days of administering TMPD 

(500 μl, ip) provides an excellent model to study the pathogenesis of autoimmune disease 

and of toxicity of hydrocarbon oils. Pneumonitis incidence was less, and disease 

development was slower at low doses of TMPD (125 and 250 μl, ip). This raises a 

question about the clinical significance of hydrocarbon oils as etiologic agents in 

autoimmune diseases, as humans are less likely to be acutely exposed to large doses of 

hydrocarbon oils, except in accidents. However, over time humans can be exposed to 

large doses of hydrocarbon oils via ingestion (foods, medications), inhalation (diesel 

exhaust, oil mists, aspiration of ingested mineral oil), and skin absorption (cosmetics, skin 

contact with oils or fuels) [8, 10, 11]. Nevertheless, studies are needed to assess the 

effect of chronic low dose exposure to hydrocarbon oils on the development of 

autoimmune and inflammatory diseases.   

Hydrocarbons were implicated in almost 10 percent of all single substance 

fatalities in the pediatric population. Gasoline, chlorofluorocarbon propellants, motor oils, 

lighter fluid/naphtha, lamp oil, and mineral spirits, are the most commonly ingested 

substances [66]. In young children, the ingestion typically occurs due to exploratory 

behavior. Toxicity in adolescents often arises from inhalant abuse of hydrocarbon oils. 

Volatile hydrocarbons are highly lipid soluble and enter the circulation through the lungs 

and rapidly diffuse throughout the body and into the central nervous system (CNS). 

Neurons, which have a high lipid content, are particularly susceptible to the solvent 

properties. CNS manifestations also occur secondary to severe pulmonary injury and 
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hypoxia.  

There are no published inhalation studies in animals. Studies of exposure via this 

route would be relevant to human exposure. We showed that oropharyngeal aspiration 

(OA) of a dose as low as 6 μl TMPD caused rapid morbidity/mortality by day 3, with 

increased serum creatinine kinase and aspartate aminotransferase, and pneumonitis. At 

a lower dose of 4 μl TMPD given via OA was less toxic; 75% animals survived up to day 

17, and exhibited pneumonitis/DPH.  It would be important to know whether repeated 

/chronic exposures to even lower doses of TMPD induces chronic autoimmune diseases.   

In this study, we established clinical (20% weight loss), semi-quantitative (scoring 

criteria), and quantitative assessments (morphometric analysis to measure the area of 

eosin staining) of TMPD-DPH.  Bodyweight loss as a method of predicting DPH in mice 

is a useful tool. This as well as scoring methods and quantitation of DPH area were helpful 

to evaluate the effects of various manipulations such as knockout and adoptive transfer 

studies in our experiments in a non-biased manner.   

A recent study showed that Igµ-/- MT mice that have a complete deficiency of B 

cells were resistant to induction of DPH. Susceptibility to DPH was restored in Igµ-/- MT 

mice by infusing IgM [35]. Since activated B1 B cells produce large amounts of IgM, it is 

logical to posit a role of B1 B cells in the pathogenesis of TMPD-DPH. In fact, we 

demonstrate that CD19-/- mice that have less B1 B cells were protected from the 

development of TMPD. The knockout mice also had less IgM+ B cells and less IgM 

deposition in their lungs.  Moreover, lungs were infiltrated with B1 B cells prior to the 

development of any histopathological changes after TMPD exposure, whereas another 

hydrocarbon oil hexadecane that does not induce DPH does not elicit B1 B cell infiltration 
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in the lungs. 

We further demonstrated that these B1 B cells that are present in the lungs of 

TMPD-injected mice are recruited from their usual location, i.e., peritoneal cavity.  The 

adoptive transfer of CD45.1+CD19+ peritoneal cells into the peritoneum of naïve CD45.2+   

CD19-/- recipients led to lung-infiltration with CD45.1+ B cells and more DPH/pneumonitis 

as compared to CD19-/- recipients reconstituted with CD19-/- peritoneal cells. This finding 

directly demonstrates the trafficking of peritoneal B cells to the lungs.  Consistent with this 

hypothesis, within hours of TMPD administration, we found a marked reduction in B1 B 

cells in the peritoneal cavity (data not shown). The administration of control hydrocarbon 

oil hexadecane also caused the reduction in peritoneal B1 B cells, however, B1 B cells 

were not detected in the lungs of hexadecane injected mice. The mechanism underlying 

this observation is not clear, however, we found a differential expression of a set of 

immune/inflammatory genes including chemokine Cxcl13 that is known to drive B1 B 

cells’ migration in lungs from TMPD-injected animals as compared to lungs from PBS or 

hexadecane injected mice. It remains to be determined whether the increased expression 

of Cxcl13 or other chemokines/mechanisms drive the trafficking of B1 B cells from the 

peritoneum to the lungs. 

How do B1 B cells promote the development of DPH? B1 B cells produce large 

amounts of IgM. A recent study showed that the development of DPH may involve 

opsonization of dead cells by natural IgM and complement followed by complement 

receptor-mediated lung inflammation [35]. Activated B1 B cells may also produce 

inflammatory cytokines and serve as strong antigen presenting cells to activate T cells.  

Observations by us and another group showing the role of B cells in the 
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pathogenesis of DPH have important implications, as rituximab that depletes B cells is 

FDA-approved to treat patients with Wegeners granulomatosis that is known to manifest 

with DPH. Furthermore, a community comparison study that showed that people living 

near an oil field waste site in New Mexico with increased levels of TMPD in house dust 

had increased proportions of CD19+ B cells in their peripheral blood and an increased 

prevalence of lupus and other immune disorders as compared to an unexposed 

population [12].  However, rituximab indiscriminately depletes all B cells and can cause 

adverse effects. Thus, our finding that implicates a specific subset of B cells and more so 

a specific mechanism driving the abnormal infiltration of a B cell subset has important 

translational implications with a potential to develop a highly targeted therapy for DPH 

that has no effective treatment currently.  

  The trafficking of B1 B cells to the lung may not be the only mechanism in all 

cases of DPH, as the development of pneumonitis/DPH was independent of CD19+ B 

cells when the lungs were directly exposed to TMPD via OA route.  In fact, a previous 

study reported that although the prevalence of DPH was lower in Rag1-/- B6 mice than in 

wild-type B6 mice, some Rag1-/- mice did develop DPH, suggesting  that DPH can develop 

in the absence of T and B cells, although they may play a role in promoting DPH [4]. 

 The results attained on immune mechanisms of DPH may have broad implications 

for DPH caused by exposure to toxic substances, such as isocyanates, trimellitic 

anhydrides, and certain pesticides, recreational drugs (crack cocaine), and medications 

(chemotherapeutic agents, propylthiouracil, and diphenylhydantoin). Furthermore, DPH 

is also known to occur after bone marrow or organ transplantation, and in many 

inflammatory diseases such as systemic vasculitides and lupus.
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