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Introduction  

Skin and mucosal surfaces are the first protection lines of the mammalian organisms 

against microbial invasion. When the pathogens pass through these defenses, various 

immune cells transport them to the neighboring secondary lymphoid organs (1), where 

leukocytes encounter the pathogens and, as the result, different types of immune reactions 

are triggered, including the transformation of resting follicles into secondary follicles containing 

germinal centers (2). 

Secondary lymphoid organs, such as the spleen, lymph nodes, and Peyer’s patches, 

develop before birth. Moreover, there is another set of the lymphoid structure which play an 

important role in mucosal immune defense, including cryptopatches (CPs) and isolated 

lymphoid follicles (ILFs), which develop after birth (3). In comparison to these well-established 

lymphoid structures, the role of the serosal compartments in the immune system still remains 

unknown, even though the serosal surface covering various abdominal organs harbors a large 

number of B-1 B cells(4). 

Although the common understanding of the function of the adipose tissues is energy 

storage, some research groups have reported that adipose tissue may significantly contribute 

to the local immune challenges, due to the presence of adipose-associated lymphoid 

structures (5–7). The typical appearance of these lymphoid structures is less organized, and 

these are embedded into the adipose tissues collecting various leukocytes by chemokines 

CXCL1 and CXCl13 (5–8). 

The omentum has been considered a policeman in the peritoneal cavity for a long time 

(9), where milky spots (MSs) are the main contributors to immune surveillance. MSs are highly 

vascularized tissues containing different types of leukocytes, where B-1 cells produce nature 

antibodies (10–13). More recently, fat-associated lymphoid clusters (FALCs) were described 

in the mesenteric fat, which they contain various leukocytes, including Type 2 innate lymphoid 

cells (ILC2) that play an essential role in B-1 cell proliferation (14, 15). 

B cells are one of the most critical factors of adaptive immunity. More specifically, B-1 

cells typically secrete natural antibodies, and B-2 cells play roles in regulation, antigen 
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presentation, and antigen-specific antibody production (16, 17). Besides antigen stimulation, 

B-cell composition also changes along aging. As the result, age-associated B cells (ABCs) 

occur which are usually involved in autoantibody production in SLE-prone mice (16–20). 

Moreover, CD11c positive/T-bethigh ABCs can be found outside the typical B-cell compartment 

in the spleen (21, 22). Due to the phenotypic variants, genotypic characteristics, and clinical 

courses, it is crucial to study B-cell differentiation and distribution upon antigen activation, as 

these investigations can also provide understanding B-cell malignancies.  

Not only leukocytes, but also various malignant cancer cells, including ovarian cancers, 

are also able to accumulate in the omental MSs and FALCs after i.p administration of tumor 

cells or during the metastasis (23–25). Additionally, neutrophil extracellular traps (NETs) have 

been found in FALC regions at the premetastatic stage of ovarian cancers, which usually 

reflects a poor prognosis. This indicates extensive interaction among tumor cells, stromal 

elements, and leukocytes in the process of tumor propagation (26). 

In our previous work, we found a mouse spontaneous high-grade B-cell lymphoma 

(Bc.DLFL1) with restricted in vivo propagation in mesenteric lymph nodes and spleen. In my 

study, I continued the investigation of the possible binding sites for Bc.DLFL1 and normal B 

cells on the serosal surface, and cytokine profile alterations of the visceral adipose upon the 

stress of lymphoma bearing. Furthermore, I have also found a novel type of lymphoid tissues 

that we termed murine foliate lymphoid aggregates (FALgs), which occur on the various 

adipose tissues in the abdominal cavity. In addition, I also studied the origin of Bc.DLFL1 cells. 

In my thesis, I summarize our findings and offer further possible studies for a better 

understanding of serosal lymphocyte homeostasis and its implications in cancer metastasis. 
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Aims 

Our goals are: 

 To investigate the types of adipose-associated lymphoid structures; 

 To study Bc.DLFL1 and normal B cells homing process in the peritoneal cavity;  

 To investigate Bc.DLFL1 cell characteristics and define its origin; 

 To study the microenvironment of fat-associated lymphoid structures following 

Bc.DLFL1 lymphoma infiltration.  
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Materials and Methods 

1. Mice  

8-10 weeks old BALB/c mice and BALB/ceGFP Tg mice were maintained at the specific 

pathogen-free or minimal disease animal facility of the Department of Immunology and 

Biotechnology. Prox-1 GFP reporter-transgenic mice were provided by Zoltan Jakus. KiKGR 

mice (27) were obtained from The Jackson Laboratory. The Bc.DLFL1 lymphoma cells were 

propagated by i.p. passages of suspension prepared from lymphoma infiltrated mesenteric 

lymph nodes (28). All procedures involving live animals were conducted in accordance with 

the guidelines of the Ethics Committee on Animal Experimentation of the University of Pecs. 

 

2. Flow cytometry and sorting  

Bc.DLDL1 cells and A20 cells were incubated with fluorochrome-labeled antibodies. 

For intracellular staining samples were first labeled for cell surface markers, followed by 

permeabilization, and incubated with mAbs against T-bet and Blimp-1 transcription factors at 

room temperature. The samples were analyzed using BD FACACalibur and the CellQuest Pro 

software.  

For IgVH sequencing, Bc.DLFL1 lymphoma cells were purified by Bio-Rad S3e sorter followed 

by mRNA isolation.  

 

3. Bc.DLFL.1 Ig Vh sequence analysis  

Total mRNA from sorted Bc.DLFL1 cells were isolated using NucleoSpin RNA XS kit. 

cDNA synthesis was performed using the High-Capacity cDNA Reverse Transcription Kit. 

Endpoint PCR was carried out on Applied Biosystems 2720 Thermal Cycler using DreamTaq 

TM Green PCR Master Mix. The PCR products were sequenced by a BigDye Terminator 

Cycle Sequencing Ready Reaction kit v1.1 on an AB 3500 Genetic analyzer and the results 

were analyzed by the IMGT/HighV-QUEST platform.  

 

4. Whole-mount and tissue section immunohistology and immunofluorescence  
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For whole-mount immunohistology, the entire gut complex was fixed in 4% 

paraformaldehyde followed by a short hematoxylin staining, and a selected segment was 

isolated using stereomicroscopic dissection. The tissue samples were processed with 

phenylhydrazine hydrochloride followed by saturation with 5% bovine serum albumin (BSA). 

The samples were incubated with various rat mABs against mouse markers overnight with 

constant shaking, followed by extensive washing and incubation with HRP-conjugated anti-rat 

IgG, or fluorochrome-conjugated anti-rat IgG. Confocal fluorescence images were taken using 

an Olympus FluoView FV1000 laser scanning confocal imaging system. For 

immunohistochemistry, after adding HRP-conjugated goat anti-rat Ig and development with 

H2O2-Dab, the mounted sections were viewed under an Olympus BX 61 microscope.  

For immunohistochemistry of mLN of Bc.DLFL1 lymphoma-bearing mice, frozen sections at 

8µm thickness prepared with a Leica CM1850 cryostat were fixed in cold acetone. The 

sections were incubated with various antibodies at room temperature in a humid chamber. 

After washing, the sections were incubated with HRP-conjugated anti-rat IgG and developed 

using diaminobenzidine/H2O2 and counter-stained with hematoxylin. For dual 

immunofluorescence, the sections were incubated with FITC conjugated antibodies and 

biotinylated mAB visualized with PE-streptavidin.  

For combined immunofluorescence of GFP and gp38, the mesentery was fixed, followed by 

30% sucrose equilibration overnight. The samples were frozen and 20µm thick cryostat 

sections were prepared and placed on silanized microscopy slides. After drying, the sections 

were treated with 5% BSA and incubated with the antibody. Later the samples were mounted 

with 50% glycerol containing Hoechst-33342. Images were taken using an Olympus Fluoview 

FV-1000 laser scanning confocal imaging system.  

 

5. Transmission electron microscopy  

Dissected mouse intestines and harvested FLAgs were fixed overnight at 4°C with 4% 

buffered paraformaldehyde, washed in PBS, and postfixed with 2% glutaraldehyde, followed 

by dehydration in graded ethanol. Tissue samples were treated with 1% osmium tetroxide for 
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2 h and embedded in a Polybed/Araldite 6500 mixture. The 1µm-thick semithin sections were 

stained with toluidine blue. The ultrathin sections were contrasted with uranyl acetate and lead 

citrate, and studied with a Hitachi Electron microscope type H-7600. 

 

6. Cell labeling and transfer  

A20 cells and BcDLFL.1 (28) were either labeled with 5mM CFSE, or with 10mM 

CellTrace Far Red (CTFR) (29). Normal peritoneal B cells were purified from BALB/c mice 

using MACS separation. For near-infrared (NIR) fluorescence bioimaging, lipophilic XenoLight 

DiR dye was applied. Following the labeling, the cells were washed and injected into the 

recipients i.p.  

 

7. NIR fluorescence imaging  

MACS-purified B cells or lymphoma cells were labeled with XenoLight DiR dye, 

followed by an i.p injection. The fluorescence was measured by IVIS Lumina III in vitro imaging 

system. The tissue binding of Bc.DLFL1 lymphoma cells were quantified in a Bio-One 

CELLSTAR plate.  The data were processed and analyzed using Living Image software.  

 

8. KikGR photoconversion and competitive homing  

KikGR lymph nodes were photoconverted at room temperature followed by the 

mechanical release of lymphocytes (KikR). Unconverted green (KikG) lymph nodes were 

incubated with mAB MEL-14 (30). The lymphocytes were injected into BALB/c recipients via 

the tail vein at 1:1 KikG/KikR ratio.  

 

9. BAFF-receptor blockade in lymphoma-bearing mice 

BALB/c mice received Bc.DLFL1 cells i.p., followed by 100 μg mBR3-Fc fusion protein 

treatment i.v. Control mice received a similar dose of irrelevant mouse IgG1 against 

fluorescein (#F4/1). The experiment was terminated on the 18th day.  
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10. In vitro culture of Bc.DLFL1 cells and lentivirual transduction with ZsGreen1 Fluoroprotein  

Bc.DLFL1 cells were co-cultured with peritoneal exudate cells on 6-well plates with 

RPMI-1640 and 10% FBS containing 2 mM GlutaMAX and 5x10-5 M β-mercaptoethanol.  

VSV-G-pseudotyped lentiviral vectors encoding ZsGreen1 green fluorescent protein driven by 

EF1α promoter at 20 MOI were incubated with the lymphoma cells overnight.  The lymphoma 

cells were collected, and the highest 10% expression of green fluorescence Bc.DLFL1ZsGreen1 

cells were sorted using Bio-Rad S3e sorter and cultured in vitro.  

 

11. Homing of blood-borne Bc.DLFL1 ZsGreen1 lymphoma cells  

Bc.DLFL1ZsGreen cells were injected i.v, then 12 hours later the spleens from the 

recipients were processed for immunofluorescence detection using Alexa Fluor 647-labeled 

anti-B220 and anti-MARCO antibodies.  

 

12. R&D cytokine array of lymphoma tissue extract and quantification 

Omentum, mesentery, and mLNs were collected either from the end-stage lymphoma-

bearing mice or from untreated BALB/c mice. The tissues were processed with T-PERTM 

Tissue Protein Extraction Reagent containing protease inhibitor cocktail. The lysate was 

applied to the membranes from Proteome profilerTM Array Mouse XL Cytokine Array Kit and 

processed according to the manufacturer’s protocol. The membranes were imaged using LAS 

4000 image reader and software using chemoluminescence measurements at 180s exposure 

time and analyzed by ImageJ. A complete clustering method with Euclidean distance was 

applied to the normalized data set, which was visualized with the pheaetmap function from 

pheatmap package.  

 

13. Quantitative RT-PCR  

Total mRNA from inguinal lymph node, omentum and mesentery homogenates was 

isolated using NucleoSpin RNA. cDNA was synthesized using a High-Capacity cDNA Reverse 

Transcription Kit. RT-PCR was run on an Applied Biosystems PRISM 7500 machine in 
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duplicates using SYBR Green primers for PNAd core proteins and glycosylation enzymes 

creating the MECA-79 epitope (31). 

 

14. Statistical analysis  

Data were analyzed using SPSS 22.0 (IBM). Normality of data distribution was 

assessed by Shapiro–Wilks test. A t-test or Mann– Whitney U test was employed to compare 

two groups with normally distributed and non-normally distributed data, respectively. Data are 

represented as mean ± SEM. A p value < 0.05 was considered statistically significant. 

Statistical analysis of BAFF-R treatment effect on T/B distribution was performed by student’s 

T-test using GraphPad Prism 5, where significance was considered with p value <0.001. Error 

bar represents SEM. Kaplan-Meier survival curve was generated by using GraphPad Prism 5 

(p<0.01). 
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Results  

1. FLAgs as novel forms of serosal lymphoid organoids connected to the mesenteric lymphoid 

drainage  

The high-grade B cell lymphoma Bc.DLFL1 in BALB/c mice shows restricted spreading 

in the mesenteric lymph nodes and spleen. However, the homing process in early time was 

not investigated previously. 4 hours after the intraperitoneal injection of DiR dye-labeled 

lymphoma cells, we found that the omentum exhibits the highest fluorescence signal whereas 

there are only small foci emitting signals from mesenteric fat, even though the sum of the two 

sets of signals show no significant difference. Surprisingly, the spleen and the mesenteric 

lymph nodes are absent of signal emission. With whole-mount immunohistochemistry of CFSE 

labeled tumor cells and anti-FITC immunodetection, the results display a comparable pattern 

with NIR imaging. Furthermore, purified B cells exhibit a similar distribution as Bc.DLFL1.  

During subsequent microscopic inspections we found leaf-like formations (named foliate 

lymphoid aggregates - FLAgs) that had bound Bc.DLFL1 cells, which structures were either 

connected to the mesenteric fat and omental bursa membrane directly, or through a stalk. 

Similar structures were also present in C57BL/6J mice. 

By whole-mount immunohistochemistry, we found intense CD45 expression throughout the 

whole FLAg, with CD90-positive T-cell region in the center, whereas B220 staining displays a 

rather even distribution. LYVE-1 positive macrophages sit at the edge of the FLAgs. 

With dual immunofluorescence, we confirmed that the T cells concentrate in the center, while 

B cells distribute in the peripheral regions, which correlates with CCL21 and CXCL13 

expression patterns.  

Electron microscopic inspection provided a more detailed structure of FLAg composition. We 

found that the FLAgs are covered with a mesothelial layer. Compressed bulk of lymphocytes 

presents underneath this cover include plasma cells, together with enriched capillary network 

and reticular cells. By immunofluorescence we also found fibronectin meshwork throughout 

the FLAgs and along the stalk. VCAM staining shows intense expression along the stalk and 

some reticular cells in the FLAgs. FLAgs also contain CD31-positive blood capillaries 
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containing PNAd positive segments. However, in Prox-1GFP reporter mice, we could only find 

a few GFP+ cells in the FLAgs. Those results suggested there are no lymphatics in the FLAgs.  

 

2. Normal lymphocyte homing to serosal lymphoid tissues is partly PNAd dependent  

We performed a competitive assay by injecting isolated lymphocytes from KikumeGR 

mice following photoconverison and L-selectin blockade. We found that MEL-14 mAb-

pretreated KikG+ cells were dramatically inhibited to enter pLN. Comparing to the pLN, almost 

50% reduction has occurred in the mesenteric fat. Quantitative PCR revealed the variable 

expression of core proteins and glycosylation enzymes for MECA-79-epitope of PNAd which 

is important for the binding of leukocytes to HEVs. Those data suggested that the migration of 

blood-borne lymphocytes to serous lymphoid tissues partly depends on L-selectin and PANd 

binding.  

 

3. Selective homing of BC.DLFL1 from the serosa in the peritoneal cavity through lymphatics  

Using CFSE-labeled BC.DLFL1 cells and anti-FITC whole-mount 

immunohistochemistry, we found lymphoma cells located within mesenteric lymphatic vessels. 

We also injected CTFR-labeled tumor cells into Prox1GFP mice to verify the intralymphatic 

accumulation of lymphoma cells. We observed that the lymphoma cells may enter the 

lymphatic capillaries in the mesentery at early as 4 hours post-injection. 

 

4. Intracellular and cell surface markers of tumor cells indicate the connection between 

Bc.DLFL1 and ABCs  

Earlier findings demonstrated that Bc.DLDL1 cells express CD19, B220, MHC Class 

II, and MAC-1, lacking CD21 and CD23 as mature B cells marker. Subsequently we found that 

the lymphoma cells display CCR7 T-cell zone chemokine receptor, and they lack CXCR5 

guiding lymphocytes to the follicles. Later we also demonstrated that the majority of the 

Bc.DLFL1 cells are CXCR4 positive, which has been reported as a marker of a minor pool 

termed CD11c+ age-associated B cells (ABCs) (20). Sequentially, we also discovered that 
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Bc.DLFL.1 also expresses a high level of CD11c. The CD11c-positive ABC subset also 

typically produces the T-bet transcription factor (18, 20, 32). We could confirm that Bc.DLFL1 

cells displayed T-bet and Blimp-1. However, the cells were negative for plasma cell marker 

CD138, and positive for the activation markers CD80 and CD86. 

Moreover, the VH region of lymphoma cells contains 11 non-silent mutations and 1 silent 

mutation. Additionally, anti-mouse IgG2a isotype-specific detection revealed strong 

cytoplasmic staining, indicating a heavy chain isotype switch.  

All those data suggest that Bc.DLFL1 lymphoma originate from ABCs, whereas the production 

of Blimp-1 and IgG2a isotype together with the lack of CD138 points to memory plasmablast 

derivation.  

 

5. Bc.DLFL1 cells concentrate in the extrafollicular region of the spleen  

Previous data suggested extrafollicular homing preference for Bc.DLFL1 cells. To trace 

the lymphoma cells, we have developed Bc.DLFL1ZsGreen cells. 12 hours after i.v injection of 

Bc.DLFL1ZsGreen cells, we found that most of the green cells in the spleen are at the 

extrafollicular parts of the white pulp and in the marginal zone.  

 

6. BAFF-R blockade prolongs the survival of lymphoma bearing mice survival  

BAFF plays a critical role in mature B cell survival; therefore, we tested the activity of 

BAFF-R and its analogues BCMA and TACI on the lymphoma cells. The results showed that 

Bc.DLFL1 expresses a high level of BAFF-R and TACI compared to normal B cells, whereas 

there was no difference in BCMA expression level.  

We further tested the function of BAFF-R in the disease progression by i.v injecting mBR3-Fc 

which is a soluble BAFF-R decoy receptor, into lymphoma-seeded mice on days 1,4,6,8 post 

lymphoma administration. In comparison, a control group of mice received normal mouse IgG1. 

By the 18th day, the majority of mice in the experimental group were alive, whereas in the 

control group the majority had succumbed. These data suggest the mBR-3Fc treatment will 

efficiently prolong the survival of the mice bearing lymphoma. 
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7. Alterations of stroma elements and tissue-specific cytokine landscape  

By anti-B220 and Ki-67 immunohistochemistry we confirmed that the mesenteric and 

omental fat had become thickened and brittle in mice at the advanced stage of the tumor, 

indicating the substantial replacement of adipose tissue with lymphoma infiltrate. By using 

eGFP transgenic mice, we found a network of gp38+/eGFP+ fibroblastic reticular cells (FRCs) 

at the edge of the bulk of the lymphoma in the mesentery at advanced stage of lymphoma. In 

control mesentery, the gp38 positive fibroblastic cells typicallly appear in the perivascular area. 

In addition, by comparing the cytokine profile of mesenteric lymph nodes, omentum, and 

mesenteric fat from lymphoma-bearing mice and control mice, we found significant differences 

between the various lymphoma-laden tissues and between their normal counterparts as well, 

indicating that the presence of lymphoma alters in a tissue-specific manner the local cytokine 

landscape.  
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New findings of my PhD research 

 
1. We have identified murine FLAgs (foliate lymphoid aggregates) as novel forms of serosa-

associated lymphoid organs with partly compartmentalized lymphoid structure, composed 

of a FLAg body and stalk connecting to the bursal peritoneum or the omental and 

mesenteric adipose tissue; 

2. We have demonstrated that the entry of B cells and Bc.DLFL1 high-grade B-cell 

lymphoma cells from the peritoneal cavity to FLAgs involves LYVE-1-positive 

macrophages, whereas the homing of blood-borne lymphocytes is partly L-selectin 

dependent; 

3. We have established that various B-cell lymphoma cells compartmentalize within FLAgs 

according to their chemokine receptor expression pattern, with CCR7 guiding Bc.DLFL1 

lymphoma cells into the central region producing CCL21, and CXCR5 guiding A20 

lymphoma cells to the peripheral rim of FLAg body containing CXCL13, respectively; 

4. We have identified the mesenteric lymphatics as exit routes for the intraperitoneally 

injected B lymphocytes; 

5. We have established that the FLAg body is arranged around VCAM-1–positive fibroblastic 

cells, and it contains an extensive CD31-positive vasculature; 

6. We have defined Bc.DLFL1 lymphoma cells as age-associated B-cell (ABC) derived 

plasmablastic lymphoma, expressing T-bet, CD11c and CXCR4 which, together with 

CCR7, directs their positioning to the splenic T-cell zone, marginal zone and red pulp, 

respectively; 

7. We have established that the inhibition of BAFF-R ligand binding significantly promotes 

the survival of lymphoma-bearing recipient mice; 

8. We have demonstrated that the adipose expansion of Bc.DLFL1 lymphoma cells alters 

the cytokine landscape in a tissue-specific manner, and causes expansion of gp38-

positive fibroblastic reticular cells. 
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