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Abstract

Background—Survival and longevity of xenotransplants depend on immune function and ability 

to integrate energy metabolism between cells from different species. However, mechanisms for 

inter-species crosstalk in energy metabolism are not well understood. White adipose tissue stores 

energy and is capable of mobilization and dissipation of energy as heat (thermogenesis) by 

adipocytes expressing uncoupling protein 1 (Ucp1). Both pathways are under the control of 

vitamin A metabolizing enzymes. Deficient retinoic acid production in aldehyde dehydrogenase 1 

family fember A1 (Aldh1a1) knock out adipocytes (KO) inhibits adipogenesis and increase 

thermogenesis. Here we test the role Aldh1a1 in regulation of lipid metabolism in xenocultures.
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Methods—Murine wide type (WT) and KO preadipocytes were encapsulated into a poly-L-

lysine polymer that allows exchange of humoral factors <32kD via nanopores. Encapsulated 

murine adipocytes were co-incubated with primary differentiated canine adipocytes. Then, 

expression of adipogenic and thermogenic genes in differentiated canine adipocytes were detected 

by real-time polymerase chain reaction (PCR). The regulatory factors in WT and KO cells were 

identified by comparison of secretome using proteomics and in transcriptome by gene microarray.

Results—Co-culture of encapsulated mouse KO vs. WT adipocytes increased expression of 

peroxisome proliferator-activated receptor gamma (Pparg), but reduced expression of its target 

genes fatty acid binding protein 4 (Fabp4), and adipose triglyceride lipase (Atgl) in canine 

adipocytes, suggesting inhibition of PPARγ activation. Co-culture with KO adipocytes also 

induced expression of Ucp1 in canine adipocytes compared to expression with WT adipocytes. 

Cumulatively, murine KO compared to WT adipocytes decreased lipid accumulation in canine 

adipocytes. Comparative proteomics revealed significantly higher levels of vitamin A carriers, 

retinol binding protein 4 (RBP4) and lipokalin 2 (LCN2) in KO vs WT adipocytes.

Conclusion—Our data demonstrate the functional exchange of regulatory factors between 

adipocytes from different species for regulation of energy balance. RBP4 and LCN2 appear to be 

involved in the transport of retinoids for regulation of lipid accumulation and thermogenesis in 

xenocultures. While the rarity of thermogenic adipocytes in humans and dogs precludes their use 

for autologous transplantation, our study demonstrates that xenotransplantation of engineered cells 

could be a potential solution for reduction of obesity in dogs and a strategy for translation to 

patients.
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INTRODUCTION

Xenotransplantation of organs1, specific cell populations2, 3, and genetically engineered 

cells4 continue to be investigated to address shortage of donor organs and for treatment of 

genetic, autoimmune, and degenerative diseases5. The survival and longevity of xenografts 

depends on interaction with the host immune system6 as well as an ability to integrate into 

the host’s metabolism and energy pathways. Three decades of research led to considerable 

progress in identification of hallmarks and mechanisms leading to immune rejection1, 7. 

Together these efforts resulted in a considerable improvement in xenograft survival8–10. The 

importance of energy pathways was reveled in context of cancer xenografts in 

immunosuppressed mice11, 12. Energy exchange between different species is also the basis 

for xenografts’ longevity; however, mechanisms for crosstalk establishing energy 

homeostasis between cells from different species remain understudied.

Studies demonstrate functional survival of xenografts encapsulated into alginate-polylysine 

polymers (APP) for production of catecholamines13 or insulin14. The longevity of 

xenotransplanted cells in monkeys was nine months13, while insulin-producing encapsulated 

xenotransplants survived for 9.5 years in a human patient15. These experiments highlight 
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humoral factors as key regulators of energy metabolism between host and donor cells, 

because the small pore size in APP polymers limits influx and efflux of molecules larger 

than 32kD16. However, the identification of these regulatory molecules is challenging in 

vivo. Insulin has been established as a chief pathway regulating glucose metabolism. 

Nevertheless, recent studies highlight that endocrine regulation by adipose tissue is similarly 

crucial for energy homeostasis17, 18. Adipokine leptin can efficiently rescue glucose 

intolerance in the absence of insulin in animal models of type 1 diabetes18. Even sub-

physiologic levels of leptin produced in encapsulated adipocytes can rescue glucose 

intolerance in mouse models of type 2 diabetes without influencing insulin levels19. In 

xenocultures, the incompatibility between protein hormones and receptors is expected to 

limit efficacy of protein-dependent signaling20. In contrast, bioactive lipids are conserved 

signaling mediators that could gain an increasing importance in integration of energy 

metabolism between cells from different species.

Vitamin A-derived bioactive metabolites, including retinol, retinaldehyde (or retinal, Rald), 

and retinoic acid, regulate all aspects of adipocyte biology in different species, including 

differentiation, energy storage, and energy dissipation21. Vitamin A is a generic term for 

many molecules, primarily, all-trans retinol and its retinyl esters. Each of these metabolites 

act via different mechanisms in the regulation of metabolism22. Adipose tissue is the second 

largest store for vitamin A after the liver21. Retinoic acid is the principal ligand for retinoic 

acid receptor and retinoid X receptor (9-cis retinoic acid isoform). Retinoic acid also 

indirectly activates zinc-finger protein 423 (ZFP423) and PPARγ23, a master regulator of 

transcription during adipocyte differentiation22, 24. In contrast, Rald, suppress PPARγ 
activation and adipogenesis25. In addition, Rald up-regulates ATGL increasing lipolysis and 

thermogenesis in adipocytes26. Retinol can also suppresses adipogenesis27 when bound with 

its principal binding protein RBP428. Among multiple enzymes catalyzing reactions with 

vitamin A metabolites29, ALDHA1 is the major enzyme converting Rald to retinoic acid in 

mouse adipocytes23. Aldh1a1−/− mice resist obesity because of the increased levels of 

lipolysis and thermogenesis in visceral adipose tissue16, 26. Our laboratory has discovered 

evidence of the contribution of ALDHA1 to regulation of energy homeostasis in an 

engrafted mouse model16. In this model, WT obese mice were treated by engraftment of 

Aldh1a1−/− or WT adipocytes that were encapsulated in APP to avoid immune rejection. 

The humoral mediators secreted from Aldh1a1−/− but not from WT adipocytes, reduced lipid 

accumulation and increased thermogenesis and metabolic rate in host WT obese mice. These 

changes may be of therapeutic merit for treatment of obesity in animals having small amount 

of brown thermogenic adipocytes in adulthood, such as dogs30 and humans31. However, it 

remains unknown if humoral mediators released from mouse Aldh1a1−/− adipocytes are 

compatible with signaling pathways in these organisms.

Here we report a model for testing of humoral interactions regulating lipid metabolism in 

xenocultures of canine and mouse adipocytes. We hypothesized that xenogeneic Aldh1a1−/− 

mouse adipocytes would inhibit adipogenesis in canine adipocytes when these cells were co-

cultured.
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METHODS

Informed owner consent was obtained from clients authorizing the use of discarded tissues 

for the research.

Chemicals and Reagents

Chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) and cell 

culture media from Invitrogen Thermo Fischer Scientific, Minneapolis, Minnesota, USA) 

unless otherwise noted.

Canine adipose stromal cells (ASC)

Canine adipose tissue batches were obtained from healthy dogs admitted to the Ohio State 

University College of Veterinary Medicine for elective abdominal surgery unrelated to the 

study. Adipose tissue was excised during routine surgery and was intended to be discarded. 

Informed owner consent was obtained to use these excised adipose tissues that were 

considered medical waste. Adipose tissues from two dogs were used: a four-year old female 

mastiff dog and a one-year old female German shepherd dog. Adipocytes were isolated 

using a modification of previously described protocols26, 32. Briefly, approximately 5g of 

falciform fat pad was excised and then washed with sterile PBS. The fat was minced with a 

sterile blade in a P100 petri dish. 5ml of collagenase stock solution (1g collagenase type Ι 
(cat # 17100-017), 7.5% BSA 26.7ml, 1M HEPES 2.5ml, add DMEM to 100ml) was added 

to 45ml of DMEM to make a working solution. Minced tissue was incubated with the 

collagenase working solution in a 50ml tub at 37°C on a shaker for one hour, before being 

filtered and centrifuged at 2300rpm for 5 min. The pellet was homogenized by pipetting 

with DMEM, centrigued, then re-homogenized in 25ml of DMEM before purification using 

a 100µm cell strainer (BD Falcon). ASC were cultured in DMEM containing 20% FBS and 

passaged three times.

Differentiation—Adipocyte differentiation was performed as previously described, with 

some modifications26. Briefly, canine ASC were grown to confluency before differentiation 

in adipogenic differentiation medium Ι and II. Adipogenic differentiation medium Ι 
contained 20% of heat inactivated FBS, 10 µg/mL insulin, 10 µg/mL 3-isobutyl-1-methyl 

xanthine, and 1µM dexamethasone with or without rosiglitazone (BRL 49653, 

ALX-350-125-M025, Enzo Life Sciences, Farmingdale, NY). Differentiation medium II 

contained 20% FBS and 10 µg/mL insulin. Culture medium was replaced by adipogenic 

differentiation medium Ι at day 0, then differentiation medium II was added every 48h for 14 

days for canine adipocytes.

Mouse cell cultures

Derivation, immortalization, and characterization of WT and Aldh1a1−/− preadipocytes was 

described previously16, as was a detailed cell encapsulation protocol33. Briefly, the cells (2 

×106 cells/ml) were suspended in 2% sodium alginate solution (Sigma, St. Louis, MO, MW 

12,000–80,000 g/mol, 100–300 cps Brookfield viscosity). This suspension was extruded 

through a needle (23 gauge 0.337-mm) into a 100 mM CaCl2 solution, using an 

encapsulation unit (Nisco Engineering AG, Switzerland) at 5.4 kV to form calcium alginate 
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gel beads. The gel beads with cells were solidified in 100 mM CaCl2 for 20 min, and formed 

alginate-poly-L-lysine membrane in 0.05% (w/v) poly-L-lysine (MW 20,700, Sigma, St. 

Louis, MO). The alginate core was liquefied in 50 mM sodium citrate. Encapsulated 

preadipocytes were floating in DMEM containing 10% CS for at least 1 week to identify and 

remove ruptured capsules. Only intact capsules were used for co-cultures with canine 

adipocytes.

Co-culture of ASC with microcapsules

Canine adipocytes were cultured in 6-well plates until confluent. Then microcapsules 

containing WT or Aldh1a1−/− (KO) preadipocytes were transferred into the 6-well plates to 

achieve a monolayer of 102 microcapsules/cm2. Xenocultures were differentiated in 

differentiation medium I and II for 14 days.

mRNA analysis

Q-PCR—Total mRNA purified from canine adipocytes according to the manufacturer’s 

instructions (Qiagen, Germantown, MD). RNA integrity was analyzed using the Agilent 

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). mRNA was quantified using 

7900HT Fast Real-Time PCR System and TaqMan fluorogenic detection system (Applied 

Biosystems/ThermoFisher). The Ucp1 (Cf02622090_m1), LOC479623 (Cf02644082_m1), 

Pparg (Cf02625640_m1), Atgl (PNPLA2 Cf0260386_g1), Fabp4 (AIVI5UH) validated 

primers were also purchased from ThermoFisher. Comparative real-time PCR was 

performed in triplicate, including no-template controls. Expression was calculated using the 

comparative Ct method normalized to the TATA box binding protein (TBP, 

Cf02637234_m1).

Transcriptome analysis

A 100ng aliquot of total RNA was linearly amplified. Then, 5.5µg of cDNA was labeled and 

fragmented using the GeneChip WT PLUS reagent kit (Affymetrix Santa Clara, CA) 

following the manufacturer's instructions. Labeled cDNA targets were hybridized to 

Affymetrix GeneChip Mouse Gene ST 2.0 arrays for 16 h at 45°C rotating at 60rpm. The 

arrays were washed and stained using a Fluidics Station 450 and scanned using a GeneChip 

Scanner 3000. Signal intensities were quantified by Affymetrix Expression Console version 

1.3.1. Background correction and quantile normalization were performed to adjust for 

technical bias, and probe-set expression levels were calculated by the RMA method. After 

filtering above noise cutoff, there are 9,528 probe-sets that were tested by linear model. A 

variance smoothing method with fully moderated t-statistic was employed for this study and 

was adjusted by controlling the mean number of false positives. With a combined cutoff of 

2-fold change and p-value of 0.0001 (controlling 1 false positive over all probe-sets), we 

declared 500 probe-sets as differential gene expression between KO and WT preadipocytes. 

GEO file: ‘QS wild type and Aldh1a1 KO preadipocytes 2015’.

Oil Red O staining

Oil Red O staining was performed in canine adipocytes according to the manufacturer’s 

instructions (MAK194, Sigma-Aldrich). Briefly, cells were washed in PBS and then fixed in 
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10% buffered formalin for 30 min at room temperature. Fixed cells were then rinsed with DI 

water and 60% isopropanol. A stock solution of 0.5% Oil Red O in isopropanol (w/v) was 

diluted 60:40 in water and added to fixed cells for 5 min at room temperature. Cell were 

thenrinsed with DI water. Hematoxylin (2mL/well) was added and incubated for 1 minute. 

After an additional 1 minute incubation time, the hematoxylin was removed and each well 

was rinsed with DI water. Lipids appear red and nuclei appear blue after using this staining 

protocol.

Proteomic 2-D Fluorescence Difference Gel Electrophoresis (DIGE)

Confluent WT and KO adipocytes were differentiated for 4 days. The secretome (10mL/

genotype, n=3 per condition) was collected from these cells after 24 h incubation in medium 

containing 1% FBS. Proteins from the secretome were filtered using Ultracel 50k Ampicon 

Ultra centrifugal filters (EMD Millipore UFC905024, Cole-Parmer (Ct Vernon Hills, IL, 

USA) to remove molecules >50 kD. Proteins from the WT and KO secretome (equal 

volume) were precipitated with 10% trichloroacetic acid and used for DIGE (GE Healthcare, 

Buckinghamshire, UK) as previously described26. Samples were labeled with DIGE fluor 

minimal-label dyes and focused on 18 cm pH 4–7 Immobiline strips using an IPGphor II 

IEF. After SDS-PAGE, individual gels were spot mapped using an internal standard. 

Independent t-tests were used to compare spots between WT and Aldh1a1−/− groups in 

males and females. The criteria for performing MS was a >1.5 fold change in expression of 

proteins in at least 3 of the 4 gels. When significant differences were detected (P<0.05), 

those spots were cored from preparative gels (Ettan workstation) and identified using a LTQ 

mass spectrometer (MS) detector.

LTQ—Capillary-liquid chromatography-nanospray tandem mass spectrometry (Nano-

LC/MS/MS) was performed on a Thermo Finnigan LTQ mass spectrometer equipped with a 

nanospray source operated in positive ion mode. The LC system was an UltiMate™ Plus 

system from LC-Packings A Dionex Co (Sunnyvale, CA) with a Famos autosampler and 

Switchos column switcher. The solvent A was water containing 50 mM acetic acid and the 

solvent B was acetonitrile. Five microliters of each sample was first injected on to the 

trapping column (LC-Packings A Dionex Co, Sunnyvale, CA), and washed with 50 mM 

acetic acid. The injector port was switched to inject and the peptides were eluted off onto the 

column of the trap. A 5 cm 75 µm ID ProteoPep II C18 column (New Objective, Inc. 

Woburn, MA) packed directly in the nanospray tip was used for chromatographic 

separations. Peptides were eluted directly off the column into the LTQ system using a 

gradient of 2–80%B over 50 minutes, with a flow rate of 300 µl/min. The total run time was 

60 minutes. The MS/MS was acquired according to standard conditions established in the 

lab. Briefly, a nanospray source operated with a spray voltage of 3 KV and a capillary 

temperature of 200PoPC was used. The scan sequence of the mass spectrometer was based 

on the TopTen™ method; the analysis was programmed for a full scan recorded between 

350 – 2000 Da, and a MS/MS scan to generate product ion spectra to determine amino acid 

sequence in consecutive instrument scans of the ten most abundant peaks in the spectrum. 

The CID fragmentation energy was set to 35%. Dynamic exclusion was enabled with a 

repeat count of 30 s, exclusion duration of 350 s and a low mass width of 0.5 and high mass 

width of 1.50 Da.
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Bioinformatics—Sequence information from the MS/MS data was processed by 

converting the raw data files into mascot generic files (.mgf) using MS Convert 

(ProteoWizard). The resulting mgf files were searched against mouse proteins in the Swiss-

Prot database (16,702 sequences) using Mascot Daemon by Matrix Science version 2.2.1 

(Boston, MA). The mass accuracy of the precursor ions was set to 1.8 Da given that the data 

was acquired on an ion trap mass analyzer and the fragment mass accuracy was set to 0.8 

Da. Considered modifications were methionine oxidation, deamidation (variable) and 

carbamidomethyl cysteine (fixed). Two missed cleavages for the enzyme were permitted. 

Peptides with a score less than 20 were filtered and proteins identified required bold red 

peptides. Protein identifications were checked manually and proteins with a Mascot score of 

100 or higher with a minimum of two unique peptides from one protein having a -β or -γ 
ion sequence tag of five residues or better were accepted. Principal component analysis 

(PCA) was performed using Progenesis QI software (Nonlinear Dynamics Durham, NC).

Statistical analysis

Data are shown as mean±SD for experiments that were performed at least in triplicate. 

Group comparisons were performed using one-way ANOVA followed by Tukey’s post hoc 

test unless otherwise indicated. Significance level was set at an alpha = 0.05 unless 

otherwise noted.

RESULTS

Canine primary ASC differentiate into lipogenic adipocytes in vitro

Canine white adipocytes, which have low levels of lipolysis and thermogenesis30, 34, were 

selected as host adipocytes. First, we validated differentiation of canine adipocytes using 

conventional differentiation protocol and established markers of differentiation Pparg, a 

master regulator of adipogenesis and its target genes Fabp4 and Atgl (Pnpla2). We showed 

that 14 days of differentiation results in the significantly higher expression of Pparg, Fabp4, 

and Atgl compared to non-differentiated cells (Figure 1A-C). In the presence of PPARγ 
ligand BRL-49653 (BRL), the expression of target genes Fabp4 and Atgl was further 

increased (4878% and 1093%, respectively compared to non-differentiated control) 

consistent with activation of PPARγ. In agreement with previous findings34, differentiated 

canine adipocytes expressed low levels of thermogenic marker Ucp1 in the presence or 

absence of BRL (3.38% vs. 100% in non-differentiated cells, Figure 1D). The canine 

homolog for mitochondrial cytochrome oxidase IV (LOC479623) expression was 

moderately increased in canine adipocytes compared to non-differentiated cells (Figure 1E). 

This response was independent of BRL stimulation consistent with published data in 

visceral adipose tissue35. Together, these standard expression studies validate differentiation 

in canine adipocytes.

Mouse adipocytes’ effect on adipogenesis in canine adipocytes depends on Aldh1a1

We described KO and WT preadipocytes line derivation and properties in our previous 

work16, 23, 26, where we demonstrate increased expression of UCP1 and ATGL protein as 

well as lower expression of Fabp4 and 70% decreased production in retinoic acid in KO 

compared to WT adipocytes. To identify humoral signaling factors in xenocultures, we 
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encapsulated mouse WT and KO adipocytes into APP microcapsules that allow exchange of 

molecules <32 kD. We compared the effect of encapsulated WT and KO preadipocytes on 

canine adipogenesis (Figure 2 A). We showed that 14 days of differentiation results in 

significantly higher expression of Pparg in canine adipocytes treated with KO when 

compared to WT adipocyte microcapsules (500.8% vs.100%, Figure 2B). However, the 

expression of PPARγ target genes Fabp4 and Atgl was reduced (80.3% and 25.5%, 

respectively vs 100% in WT adipocytes, Figure 2C, D) in canine adipocytes suggesting 

decreased activity of PPARγ. In contrast, canine adipocytes incubated with encapsulated KO 

adipocytes expressed 913.5% higher levels of Ucp1 than those incubated with WT 

adipocytes (Figure 2E). The cytochrome oxidase expression was similar for both 

stimulations (Figure 2F). Together these changes in genes responsible for energy 

homeostasis resulted in decreased lipid accumulation in canine adipocytes treated with 

encapsulated KO than those encapsulated with WT adipocytes (78.7% vs. 100%, Figure 3).

Given potential differences in susceptibility to obesity in different dog breeds36, 37, we 

stimulated canine adipocytes isolated from a different dog breed, e.g. German shepherd vs. 

mastiff (Figure 2 and 3), with encapsulated WT and KO adipocytes. In these canine 

adipocytes, KO adipocyte microcapsules induced only 118% increase in Pparg expression 

compared to treatment with WT capsules (Figure 4A). Expression of Fabp4 and Atgl were 

reduced when incubated with KO adipocytes (20.6% and 8.0 %, respectively vs. 100% in 

WT adipocytes, Figure 4B, C), suggesting that PPARγ activity was also decreased in these 

canine adipocytes. Ucp1 expression was also induced in the presence of encapsulated KO vs. 

WT adipocytes (3498% vs. 100%, Figure 4D). Similarly, the expression of cytochrome 

oxidase 4 was not different in canine adipocytes stimulated with encapsulated WT and KO 

adipocytes (Figure 4E). The net effect of stimulation with KO vs. WT microcapsulated 

adipocytes resulted in lipid accumulation (72.5% vs. 100%, Figure 5).

Aldh1a1 regulates transport of vitamin A via regulation of RBP4 and LCN2 levels

ALDH1A1 alters intracellular and extracellular concentration of bioactive vitamin A 

metabolites23, 25, 38. However, binding proteins are required for their transport39. To identify 

mediators of energy metabolism in our xenoculture model, we collected the secretome from 

KO and WT adipocytes and analyzed it using comparative proteomic DIGE analysis (Figure 

6A) followed by analysis of variation between proteins by principal component analysis 

(Figure 6B). Analysis revealed 155 proteins that exhibited an average change of at least 2.5-

fold (P<0.05) when comparing KO vs WT samples (Table 1). Among 155 proteins secreted 

in high abundance from KO vs WT adipocytes, two lipocalins RBP4 and lipocalin-2 (LCN2 

or neutrophil gelatinase-associated lipocalin, NGAL) were proteins implicated in retinol 

transport28, 40 (Figure C-F). RBP4 levels were markedly higher in KO than in WT secretome 

(Figure 6C). The increase in RBP4 secretion was linked to the increase in Rbp4 expression, 

which was found using transcriptome comparison in KO and WT cells (Figure 6D). LCN2 

levels were also significantly higher in secretome from KO when compared to WT 

adipocytes (Figure 6E). However, Lcn2 expression was reduced in KO compared to WT 

adipocytes consistent with its regulation by retinoic acid40 (Figure 6F).
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DISCUSSION

Transplantation of pancreatic β-cells15, thermogenic41, 42, fetal43 and genetically-modified 

adipocytes16, 19, and other minor cell populations2 showed therapeutic promise for treatment 

of many degenerative disorders including diabetes and obesity. However, systemic and 

immune effects in vivo limits possibilities to dissect mechanisms for interaction between 

xenograft and host organism. Here we showed an in vitro model to study crosstalk between 

canine and murine adipocytes in the absence of systemic effects and immune response. Our 

study revealed that mouse adipocytes can effectively modify energy metabolism in canine 

adipocytes. The fundamental energy regulation pathways were regulated by paracrine 

mechanisms involving exchange between humoral factors through nanopores in the APP 

microcapsule.

The line of evidence suggests that regulation of energy balance in xenocultures in our study 

was dependent on lipids, specifically on vitamin A metabolites. The genetic evidence 

showed that deletion of ALDH1A1 enzyme in mouse adipocytes switches adipogenic 

programs in canine adipocytes to thermogenic gene expression. The triglyceride storage seen 

with murine WT adipocytes was reduced in the presence of KO cells, suggesting increased 

energy expenditure in these cells expressing increased levels of Ucp1. The major function of 

ALDH1A1 is in oxidation of lipid aldehydes into respective acids38, 44. Therefore, in the 

absence of Aldh1a1 in KO adipocytes, its lipid substrate switches adipogenic programs to 

thermogenic programs. Rald is a major substrate for ALDH1A1 that is responsible for 70% 

of retinoic acid in adipocytes23. Rald has been shown to inhibit PPARγ activation25. 

Hydroxynonenal is another ALDH1A1 substrate (low affinity), which can also inhibit lipid 

accumulation45. Thus, ALDH1A1 function suggests a lipid-dependent mechanism for 

regulation of energy homeostasis in xenocultures. Although identification of a particular 

lipid mediator was beyond the scope of this first study, it is plausible that xenoculture 

utilized evolutionary-conserved lipid signaling pathways for energy metabolism that can 

bypass immune recognition systems.

Lipid mediators require carriers to transduce signal in distal canine adipocyte culture. The 

next supportive finding was based on the presence of elevated levels of two lipocalins, LCN2 

and RBP4 in KO secretome compared to WT adipocytes. Lipocalins are a conserved group 

of proteins46 transporting lipids47. Both LCN2 and RBP4 are responsible for transport of 

vitamin A metabolites28, 40. The major side of LCN2 and RBP4 secretion overlaps with the 

major storage side of retinol. Although LCN2 and RBP4 are secreted predominantly from 

liver, adipocytes also express Lcn2 and Rbp4 and significantly contribute to the secretion of 

LCN240 and RBP448. Furthermore, vitamin A metabolites control expression and secretion 

of LCN240 and RBP440, 49, although these response appear to be different between adipose 

depots and hepatic tissues. In agreement with retinoic acid-dependent regulation of Lcn2, its 

expression was decreased in KO adipocytes with reduced RA production. However, LCN2 

secretion was increased in KO cells in our experiments, similar to the secretions of RBP4 

and in agreement with previous reports in KO mice25. This increased secretion could be 

facilitated by retinol40, 49. Consistent with this speculation, both RBP4-retinol complex and 

LCN2 induce UCP1 expression and thermogenesis in adipocytes27, 40. In our study, in 

canine adipocytes retinoid homeostasis in KO adipocytes also was associated with switching 

Yang et al. Page 9

Xenotransplantation. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from energy storage to energy dissipation pathways. Multiple factors, including metabolites, 

microRNA, peptides, could, potentially, regulate energy balance; future work will assess 

contribution LCN, RBP4, their ligands, and other factors to the regulation of energy 

metabolism,

This pathway, regulating energy in xenocultures, could shed light on the understanding of 

mechanisms for transplant rejection. Increased LCN2 levels are a marker of acute transplant 

rejection in different species50, 51. Lcn2−/− kidney allografts were protected from rejection in 

mouse recipients52. Remarkably, recombinant apo-LCN2 could effectively rescue kidney 

allografts from rejection to a similar extent as the immunosuppressant cyclosporine A52. 

Future studies, could investigate the link between vitamin A metabolism, vitamin A 

transport via LCN2 and energy pathways in donor organs and recipients. In addition, the role 

of LCN2 in paracrine delivery of vitamin A metabolites in immune cells could also play a 

crucial role in the immune recognition and rejection response that is known to be regulated 

by retinoic acid and vitamin A metabolism53, 54.

The effect of decreased lipid accumulation in canine adipocytes by encapsulated KO 

xenograft can have important implications for treatment of metabolic diseases, particularly 

obesity. Dogs and humans have high natal levels of thermogenic brown fat, which is 

gradually decreased in adulthood rendering them susceptible to obesity and insulin 

resistance30, 55, 56. Obesity is considered to be a modern epidemic influencing 30% of world 

population57. Companion animals, such dogs, cats, and horses have similar obesity 

epidemics37, 58. Obesity increases risk for type 2 diabetes and cardiovascular disease in 

humans as well as in cats and horses59, 60. Given the small number of thermogenic 

adipocytes in these species, they are not reliable source for autoglogous or allogenic 

treatment. Development of thermogenic autoglogous engrafts from stem cells is expensive 

and time-consuming. UCP1 and ATGL represent critical junctions in energy dissipation and 

energy mobilization, respectively61, 62. Thermogenesis and lipolysis are both under control 

of systemic endocrine and sympathetic nervous tissue response activating β-adrenergic 

pathways in mice, dogs, and humans55, 56, 63. In our study, paracrine mediators from 

encapsulated KO adipocytes acted autonomously upon induction of Ucp1 expression in 

canine adipocytes. Encapsulation in APP should protect KO cells from immune rejection64. 

Therefore, development of encapsulated engineered xenografts of KO adipocytes can present 

a cost- effective solution for long-lasting treatment of obesity in many species. Stromal 

vascular cells from adipose tissue are found to have increasingly more application in other 

diseases, including lupus65, osteoarthritis66, neuron regeneration after spine cord injuries67, 

and other conditions. The proposed model can potentially be used for both mechanistic 

studies identifying paracrine interactions as well as adapted for therapeutic purpose.
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Abbreviations

ASC Canine adipose stromal cells

Atgl Adipose triglyceride lipase

BRL BRL-49653(Rosiglitazone)

APP alginate-polylysine polymers

BSA bovine serum albumin

CID Collision-induced dissociation

CS calf serum

DIGE Difference Gel Electrophoresis

DMEM Dulbecco's Modified Eagle Medium

Fabp4 Fatty acid binding protein 4

FBS Fetal bovine serum

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IEF Isoelectric focusing

KO Knock out

LCN2 Lipokalin 2

LTQ Linear Trap Quadrupole

MGF mascot generic files

MS mass spectrometry

NGAL Neutrophil gelatinase-associated lipocalin

PBS Phosphate-buffered saline

PCA Principal component analysis

PCR Polymerase chain reaction

Pparg Peroxisome proliferator-activated receptor gamma

Rald Retinaldehyde

RBP4 Retinol binding protein 4

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
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Ucp1 Uncoupling protein 1

WT Wide type

Zfp423 zinc-finger protein 423
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Figure 1. Canine adipocytes express higher levels of differentiation markers PPARg and Fabp4, 
and reduced levels of Ucp1 than non-differentiated ASC
ASC were isolated from falciform adipose depot of a female Mastiff dog and cultured for 3 

passages. The resulted primary non-differentiated pre-adipocytes (ND) were differentiated in 

adipogenic medium (DMI and DM II) with or without 1µM BRL for 14 days (D for 

Differentiated). RNA expression of Pparg (A), Fabp4 (B), Atgl (C), Ucp1 (D) and 

LOC479623 (E) were measured in non-differentiated and differentiated canine adipocytes 

using Q-PCR assay and TaqMan probes. The values were normalized by TBP and represent 

the mean ± SD (n=3), one-way ANOVA.
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Figure 2. Co-culture of encapsulated WT vs KO murine preadipocytes alter gene expression in 
canine adipocytes
Schematic presentation of an experiment in which encapsulated murine preadipocytes were 

co-cultured and differentiated with adherent canine preadipocytes (A). The upper panel 

shows encapsulated murine preadipocytes floating in media under light microscopy (20x 

magnification). In schematics, differentiated canine adipocytes were depicted as adherent 

cells containing yellow lipid droplets. Numerous murine adipocytes (blue ellipses) are 

floating in the media within microcapsules (circles) Canine preadipocytes (Mastiff dog) 

were differentiated in adipogenic medium with encapsulated WT or Aldh1a1−/− (KO) 

Yang et al. Page 17

Xenotransplantation. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



preadipocytes for 14 days (B-F). Expression of Pparg (B), Fabp4 (C), Atgl (D), Ucp1 (E) 

and LOC479623 (F) were measured by Q-PCR assay TaqMan. The values were normalized 

by TBP and represent the mean ± SD (n=3), one-way ANOVA.
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Figure 3. Encapsulated KO cells reduce lipid accumulation in canine adipocytes
Canine preadipocytes from a Mastiff dog were differentiated in adipogenic medium with 

encapsulated WT (upper panel in A, black bar in B) or KO preadipocytes (lower panel in A, 

patterned bars in B) for 14 days. Encapsulated WT and KO cells were removed. Neutral 

lipid accumulation in lipid droplet is shown in differentiated canine adipocytes using Oil 

Red O staining (A). Left panels showed enlarged (40x magnification) areas (square) in the 

right panels A. Lipid accumulation was quantified in isopropanol extract from these Oil red 
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stained canine adipocytes by detecting absorbance of dissolved oil red staining at 510nm 

(B). Data are shown as mean ± SD (n=3), one-way ANOVA.
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Figure 4. Co-culture of encapsulated murine WT and KO preadipocytes influence expression of 
genes in canine adipocytes isolated from a German Shepherd dog
Canine preadipocytes were differentiated in adipogenic medium with encapsulated WT or 

KO preadipocytes for 14 days (A-E). Expression of Pparg (A), Fabp4 (B), Atgl (C), Ucp1 

(D) and LOC479623 (E) were measured by Q-PCR assay TaqMan. The values were 

normalized by TBP and represent the mean ± SD (n=3), one-way ANOVA.
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Figure 5. Encapsulated KO cells reduce lipid accumulation in canine adipocytes from a German 
Shepherd dog
Canine preadipocytes (German shepherd) were differentiated in adipogenic medium with 

encapsulated WT (upper panel in A, black bar in B) or KO preadipocytes (lower panel in A, 

patterned bars in B) for 14 days. Encapsulated WT and KO cells were removed. Neutral 

lipid accumulation in lipid droplet is shown in differentiated canine adipocytes using Oil 

Red O staining (A). Left panels showed enlarged (40x magnification) areas (square) in the 

right panels A. Lipid accumulation was quantified in isopropanol extract from these Oil red 
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O stained canine adipocytes by detecting absorbance of dissolved oil red staining at 510nm 

(B). Data are shown as mean ± SD (n=3), one-way ANOVA.
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Figure 6. KO adipocytes secret higher levels of lipocalins RBP4 and LCN2 than WT adipocytes
DIGE was performed to identify different proteins (<50 kD) in the secretome from 

differentiated WT and from KO adipocytes (n=3 per condition). A representative 2D gel 

with protein spots that significantly changed by at least 1.5-fold (A). Principal component 

analysis (PCA) grouped of all proteins according to their similarity of standardized 

expression to determine how much variability between the proteins from WT and KO 

secretome (grey identification numbers, ID) (B). Red ID numbers showed secreted proteins 

that significantly changed by at least 1.5-fold between WT and KO secretome. Among 
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standardized expression profiles, the high variability protein clusters were identified in WT 

(pink dots) and KO (blue dot) secretomes. There were 2 major clusters of proteins exhibiting 

KO-induced downregulation and 3 major clusters of proteins exhibiting KO-induced 

upregulation. RBP4 protein abundance in secretomes from WT (black circle) and KO mouse 

adipocytes (white square) (C). Different Rbp4 expression in WT and KO preadipocytes 

measured using Affymetrix GeneChip Mouse Gene ST 2.0 arrays (GEO file: ‘QS wild type 

and Aldh1a1 KO preadipocytes 2015’, n=3) (D). RBP4 protein abundance in secretomes 

from WT (black circle) and KO mouse adipocytes (white square) (E). Different Lcn2 

expression in WT and KO preadipocytes measured using Affymetrix GeneChip Mouse Gene 

ST 2.0 arrays (F).
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