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Abstract

Obese, type 2 diabetics (T2D) are at an increased risk of foot infection with impaired immune 

function believed to be a critical factor in the infectious process. Here we test the hypothesis that 

humoral immune defects contribute to exacerbated foot infection in a murine model of obesity/

T2D. C57BL/6J mice were rendered obese and diabetic by a high-fat diet for 3 months, and 

compared to controls receiving a low-fat diet. Following injection of Staphylococcus aureus into 

the footpad, obese/T2D mice had greater foot swelling and reduced S. aureus clearance than 

controls. Obese/T2D mice also had impaired humoral immune responses as indicated by lower 

total IgG levels and lower anti-S. aureus antibody production. Within the draining popliteal lymph 

nodes (PLN) of obese/T2D mice, germinal center formation was reduced and percentage of 

germinal center T and B cells was decreased by 40–50%. Activation of both T and B lymphocytes 

was similarly suppressed in obese/T2D mice. Impaired humoral immunity in obesity/T2D was 

independent of active S. aureus infection, as a similarly impaired humoral immune response was 

demonstrated when mice were administered a S. aureus digest. Isolated splenic B cells from 

obese/T2D mice activated normally, but had markedly suppressed expression of Aicda, with 

diminished IgG and IgE responses. These results demonstrate impaired humoral immune 

responses in obesity/T2D including B-cell specific defects in antibody production and class switch 

recombination. Together, the defects in humoral immunity may contribute to the increased risk of 

foot infection in obese/diabetic patients.
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Introduction

Obesity and type 2 diabetes (T2D) are among the greatest risk factors for infection (1). 

Obese, T2D patients have a 25% lifetime risk of developing a foot ulcer (2), and 

approximately 56% of these become infected (3, 4). While infections are common among 

those with obesity/T2D, the only preventative treatments are reducing body weight to a 

healthy range (body mass index <30) and avoiding skin ulceration. There is currently no 

known medical treatment that proactively improves immune responses and lessens infection 

risk in this population. Importantly, the consequenes of a foot infection are catastrophic, 

causing substantial physical, emotional, and financial stress. Twenty percent of foot 

infections result in amputation, the most feared consequence of a foot ulcer (5). Since 

obese/T2D patients are disproportionally effected by foot infection, new therapies are 

needed to proactively reduce the risk of infection in this population.

It is generally accepted that diabetes increases the risk of foot ulcers via two primary 

mechanisms: impaired vascular flow and peripheral neuropathy (2). However, these factors 

alone do not fully explain the increased risk of infection in this population. Multiple studies 

have shown obesity to be a risk factor for infection in surgical sites (1, 6). Our studies have 

shown that obesity, but not hyperglycemia, impairs humoral immune responses to 

orthopaedic Staphylococcus aureus infection (7). Other studies have demonstrated impaired 

innate (8, 9) and adaptive immune responses in obesity (7, 10). However, the underlying 

mechanisms that alter immune function in obesity remain elusive. Much effort has focused 

on macrophages and neutrophils, demonstrating impaired phagocytosis and bacterial killing 

despite increased cell recruitment (8, 9, 11). We have previously demonstrated impaired 

antibody production in obese/T2D mice in a model of orthopaedic implant associated 

infection, a result that was confirmed in patients infected with S. aureus (7). Recent studies 

have demonstrated reduced T cell response upon challenge in obese patients despite 

increased pre-challenge activation (12). Others have demonstrated reduced antibody titers 

following vaccination in obese individuals (13, 14), an effect that results in increased 

mortality following infection in mice (15). However, the effect of obesity/T2D on humoral 

immune responses is largely understudied.

In the absence of infection the immune system of the obese host is in a state of chronic 

inflammation (16, 17). Importantly, B lymphocytes are known to participate in this chronic 

inflammatory state. B lymphocytes have been shown to produce IgG auto-antibodies (16) 

and secrete proinflammatory cytokines (18) within the adipose tissue of high fat-fed mice, 

propagating inflammation and contributing to insulin resistance. How chronic activation of 

the immune system in obesity/T2D, particularly involving B cells, impacts normal of B 

lymphocyte function during an infection is largely unknown.

Together, these previous studies suggest that obesity increases the risk of foot infection in 

obese/T2D patients by altering immune function. Here, we expand on our previous finding 

of impaired humoral immunity in obese/T2D, and test the hypothesis that impaired antibody 

production in obesity is driven, at least in part, by impaired B lymphocyte function.
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Materials and Methods

Animals

All handling of mice and associated experimental procedures were reviewed and approved 

by the University Committee on Animal Resources at the University of Rochester Medical 

Center. Male C57BL/6J mice purchased from Jackson Laboratories (Bar Harbor, ME) were 

housed five per cage in one-way housing on a 12-hour light/dark cycle at the University of 

Rochester. To model obesity and T2D, mice were placed on a high fat (60% kcal, D12492) 

or low-fat (10% kcal D12450J) diet at five weeks of age (Open Source Diets, Research Diets 

Inc., New Brunswick, NJ). Prior to infection, fasting blood glucose levels were measured 

using One Touch glucose meters (Lifescan Inc., Milpitas, CA) after an overnight fast. 

Glucose tolerance testing was also performed on mice fasted overnight. Lean and HF-fed 

mice had an average fasting blood glucose of 120mg/dL and 190mg/dL, respectively.

Infection model

Following feeding, chronic foot infections were established. S. aureus (UAMS-1) was 

cultured overnight, washed, and diluted 1:10 in sterile saline. Mice were given 60mg/kg 

ketamine and 4mg/kg xylazine as well as a pre-operative dose of buprenorphine. Mice were 

then injected in the foot with 60μL of the diluted S. aureus. Immediately before and 

following the injection, the diameter of the footpad was measured using digital calpiers 

(Mitutoyo, Japan). All feet returned to the original size within 2 hours of injection. Feet 

were also measured at indicated time points. S. aureus digest: UAMS-1 Δspa was digested at 

37°C in the presence of lysozyme and lysostaphin (Sigma) for 3 hours in PBS. The digest 

was then washed prior to combination with alum (ThermoFisher) per manufacturer’s 

instructions. Following suspension with alum, 50μL of the S. aureus digest was immediately 

injected into the footpad of control or obese/T2D mice. Immunogenicity of the digest was 

confirmed prior to suspension in alum via an ELISA using serum from previously infected 

mice. Complete S. aureus killing in the digest was confirmed prior to alum suspension by 

plating on TSB agar plates overnight at 37°C.

Colony Forming Units

S. aureus was isolated and colony forming units quantitated from infected footpads at 

sacrifice. Necrotic soft tissue surrounding the infection site was placed in 2mL of PBS. 

Tissues were then homogenized using an IKA T-10 handheld homogenizer (Wilmington, 

NC). Serial dilutions were then prepared in PBS, and 100uL aliquots were plated on tryptic 

soy agar. Plates were then placed at 37C for 24 hours before counting colonies.

Histological analysis

Lymph nodes were harvested after sacrifice and fixed overnight in 4% neutral buffered 

formalin. Samples were then washed, processed, embedded in paraffin, and 5 micron 

transverse sections were prepared. Immunofluorescent staining: sodium citrate (Dako, 

Carpinteria CA) was diluted per manufacturer’s instructions and slides were incubated at 

95°C - for 40 minutes. Following antigen retrieval, blocking was performed with 10% 

donkey serum in PBS for 2 hours at RT. Primary antibodies: APC rat anti-mouse-CD45R/
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B220 (BD Biosciences, San Jose USA), lectin from Arachis hypogaea (PNA) FITC (Sigma, 

St. Louis USA), and mouse anti-activation induced cytidine deaminase (Thermo Fisher 

Scientific, Waltham MA) at 1:200 in PBS were incubated overnight at 4 °C. Anti-fluorescein 

conjugated to Alexafluor 488 (ThermoFisher) or mIgGκ BP-CFL 594 (Santa Cruz, Dallas 

USA) were used at 1:200 for 1 hour in tris-buffered saline, followed by DAPI staining 

(ThermoFisher), and fixation using ProLong gold antifade mounting reagent (Life 

Technologies, Eugene, OR). All slides were visualized using an Olympus VS120 virtual 

slide scanning microscope with Olympus OlyVIA software. Quantification: Germinal 

centers were quantitated by a blinded observer by counting the number of PNA+ B220+ 

areas within the lymph node. Germinal center size and anti-AID staining were determined 

using Visiopharm software (Brookfield, CO).

Flow cytometry

Lymph nodes were harvested and passed through a 70μM nylon strainer (Corning Inc, 

Corning NY USA) in ice cold PBS with 1% fetal bovine serum. Cells were then pelleted and 

stained with fixable viability stain v450 (BD) for 40 minutes. Following washing, Fc block 

(rat anti-mouse CD16/CD32) was performed for 5 minutes prior to staining. The following 

antibodies were used for phenotyping of cells: BD Biosciences (San Jose, CA) - BV711 rat 

anti-mouse IL-10, BV650 rat anti-mouse CD8a, BV605 rat anti-mouse IL-4, PerCP-Cy 5.5 

rat anti-mouse IFN-gamma, APC-Cy 7 rat anti-mouse CD19, FITC hamster anti-mouse 

CD69, PerCP-Cy5.5 rat anti-mouse Ly-6G and Ly-6C, PE rat anti-mouse GL-1, Alexa fluor 

700 rat anti-mouse CD3, Per-CP Cy5.5 hamster anti-mouse CD69, BV711 rat anti-mouse 

F4/80, BB515 rat anti-mouse GL7, Alexa Fluor 700 rat anti-mouse CD4, and Alexa fluor 

647 mouse anti-mouse RoR gamma T. E Bioscience (San Diego, CA) - PE-Cy7 anti-mouse 

CD11c and PE anti-mouse CD11b.

Super folding variant-GFP UAMS-1 S. aureus was used for cytometric analyses on infected 

feet. Intracellular staining was performed using a cell fixation/permeabilization kit (BD 

Biosciences). All analysis was performed on a BD LSR II 18-color flow cytometer (BD 

Biosciences). Compensation was completed using anti-mouse or anti-rat/hamster 

compensation control beads (BD). Fluorescent minus one (FMO) controls were used to 

determine positive gating for all antibodies except for CD19, CD3, CD4, and CD11b. All 

FMO controls were performed on pooled samples from both control and obese/T2D mice. 

Gating strategies are outlined in Supplemental Figure 1.

Serum analysis

Total IgG and IgM assays: 2μg/mL goat anti-mouse IgG and IgM (Southern Biotech, 

Birmingham, Al) were coated onto 96 well plates (Nunc 442404). After blocking in 3% 

BSA for 1hr, serum at 1:10,000 was added to wells (100μL) and incubated at 4°C for 1 hr. 

After 5 washes with PBST, secondary antibody (anti-IgG or anti-IgM; Southern Biotech) 

conjugated to HRP was added at a dilution of 1:4000 and incubated for 1 hour at 4°C. KPL 

Sureblue peroxidase was used as a substrate (52-00-01, Gaithersburg, MD). For measuring 

in vitro antibody production, the same method was used with 100μL of undiluted 

conditioned media after 48h of stimulation.
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Anti- S. aureus ELISA assay

S. aureus extracts were prepared by incubating 1.0mL of an overnight culture of ΔSpa 

UAMS-1 S. aureus with 20mg of lysozyme (Sigma) and 1mg lysostaphin (Sigma) in sterile 

water. Extract was then used as a coating antigen in an ELISA at 1:2000 in PBS. After 

blocking and washing in PBST, serum was added at 1:10 followed by IgG or IgM secondary 

conjugated to HRP, followed by incubation with KPL Sureblue. Absorbance was measured 

on a plate reader at 450nm. Results are reported as arbitrary units by dividing the absorbance 

of each sample by the mean absorbance of lean mice.

RNA extraction and sequencing

RNA sequencing was performed on naive lymph nodes. Following sacrifice, lymph nodes 

were harvested, immediately flash frozen, and stored at −80°C. Prior to extraction of RNA, 

lymph nodes were pulverized at liquid nitrogen temperatures in Lysing Matrix B tubes (MP 

Biomedicals). RNA was then extracted by mechanical lysis in ice-cold acid phenol using the 

Fast-Prep-24 instrument (MP Biomedicals) at a setting of 5.5 for 40s. Extracted RNA was 

purified using RNeasy mini-columns (Life Technologies). Contaminating genomic DNA 

was removed using TurboDNase (Ambion). Illumina library construction for RNAseq: 

Libraries were prepared from rRNA-depleted RNA (Ribo-Zero; Epicenter) using the 

ScriptSeq v2 RNAseq library preparation kit (Epicentre) according to the manufacturer’s 

instructions. Libraries were sequenced on a Illumina HiSeq2500 platform with 4–5 libraries 

multiplexed per lane and ~50 million 100nt single-direction reads for each sample. Initial 

sequence data from the HiSeq2500 was evaluated for quality. The low quality sequence 

reads were removed prior to final analysis using Seqclean (http://sourceforge.net/projects/

seqclean/). The remaining high quality processed reads were then mapped or aligned to 

reference mus musculus genomes with SHRiMP version 2.2.3 (19) to match sequence reads 

to specific mouse genes. Differential expression levels of all genes were determined using 

Cufflinks (cuffDiff2) version 2.0.2 (20) and a false discovery rate (FDR) of 0.05, which 

calculates gene expression as the number of sequence reads that map to each gene. A greater 

than log2-fold increase or decrease in expression level was used to identify genes that were 

significantly different between control and obese/T2D mice. Three mice were used per 

group for RNAsequencing experiments. All RNA-Seq data (raw sequence reads and primary 

analysis) have been deposited in NCBI’s Gene Expression Omnibus and are accessible 

through GEO Series Accession number GEO113075 (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE113075). Enrichment analysis was performed using Igenuity 

Pathway Analysis software (Qiagen, Redwood City CA) and ensemble annotation software 

(21).

RT-qPCR

RNA samples were DNase treated (Invitrogen, Carlsbad CA) and 15μL of RNA was then 

added to iScript cDNA synthesis per manufacturer’s instructions (BIO-RAD, Hercules CA). 

1.5μL of cDNA was then added to 7μL water, 10μL of SYBR green (Quanta Biosciencesm, 

Gaithersburg MD) and 1.5μL of forward and reverse primer mix. PCR was carried out on a 

Rotor-Gene Q (Qiagen, Hilden Germany) RT-PCR machine. Primers: Aicda forward: 

AAGAATGCACGATCGCCTCT, reverse: CTTTGGATCTGGGCGCTTTG. BCl6 forward: 
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CACACCCGTCCATCATTGAA, BCL6 reverse: TGTCCTCACGGTGCCTTTTT Rpl32 
forward: AAGCGAAACTGGCGGAAAC reverse: TCAGGATCTGGCCCTTGAACC, 

Actin forward GCTACAGCTTCACCACCACA reverse: GGGGTGTTGAAGGTCTCAAA

Splenic B cell isolation and stimulation

Following 12 weeks on diet, spleens were harvested and passed through a 70μM nylon filter 

in sterile, ice cold phosphate buffered saline. B lymphyctes were isolated using an EasySep 

negative selection mouse B cell enrichment kit (Stem Cell Technologies, Vancouver, CA) 

per the manufacturer’s instructions. B lymphocytes were then plated at 1x106 cells/mL in 24 

well plates and cultured with RPMI 1640 (life Technologies, Grand Island USA), 

supplemented with gentamycin and 10% FBS. Cells were then stimulated with 20ng/mL S. 
aureus peptidoglycan (Sigma-Adlrich), 1μg/mL CD40ligand + 20ng/mL IL-4 + anti-HA, or 

anti-mouse IgM.

Statistics

Multiple analyte comparisons were measured using two-way ANOVA and Bonferroni’s post 

test. Unpaired t-test was used when two groups were compared, including area under the 

curve measurements. Mann-Whitney U test was used for non-normally distributed data. All 

statistics were analyzed using Graphpad Prism.

Results

Mice fed a high fat-diet for three months developed the hallmarks of obesity and T2D 

(Figure 1A, B) (7, 22). A foot infection was then initiated in the obese mice and lean 

controls by injecting S. aureus into the mouse footpad. At day 5 post infection, there was a 

trend towards impaired clearance of S. aureus from the footpads of obese/T2D mice (Figure 

1C). By day 12, infections persisted in the footpads of obese/T2D mice, but were cleared in 

all but one control mouse (Figure 1C). Footpad swelling was measured throughout the 

infection as a marker of inflammation and immune cell migration to the infection site. The 

high fat-fed obese mice had increased footpad swelling as early as day 5 post-infection 

(Figure 1D). By day 12, significant foot swelling remained in obese/T2D mice, but swelling 

had resolved in control mice (Figure 1D). These results are similar to a study in a genetic 

model of obesity that reported increased immune cell infiltration into infected footpads of 

obese mice and impaired bacterial clearance (11).

To track the fate of S. aureus in the obese and lean mice, footpads were infected with SF-

GFP UAMS-1 S. aureus, a GFP-expressing isolate. At day 7 post-infection, footpad tissue 

was harvested, pooled, stained, and analyzed by flow cytometry. Consistent with increased 

CFU, there was a considerably greater proportion of fluorescence associated with GFP+ S. 
aureus in samples from obese/T2D mice (19%) compared to lean-fed controls (6%) (Figure 

1E). Interestingly, a substantial portion of GFP+ S. aureus were bound or internalized by 

host cells in obesity/T2D, as indicated by association with high FSC (cell size). Further 

analysis of the GFP+ S. aureus population in obese/T2D mice revealed that the large 

majority of bacteria were observed in non-viable cells (69%). In contrast, only half of 

remaining GFP+ S. aureus were within non-viable cells of lean mice (Figure 1F). Despite 
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the greater S. aureus burden in obese/T2D mice, the largest proportion (47% of total cells) of 

non-infected live cells were CD11b+ Gr-1+ granulocytes (Figure 1G). In contrast, only 12% 

of the live cell fraction in control mice was composed of granulocytes (Figure 1G). Together, 

the data suggest that obesity/T2D is associated with impaired innate immune responses to S. 
aureus footpad infection.

Impaired humoral immune response and germinal center formation in obesity/T2D

We previously demonstrated an impaired humoral immune response in obese/T2D mice to 

an S. aureus orthopaedic implant infection (7). In the footpad infection model, obese/T2D 

mice again displayed impaired total IgG, increased total IgM, and reduced anti-S. aureus 
IgG levels (Figure 2A–C). Consistent with reduced anti-S. aureus IgG levels, 

immunofluorescent staining (B220+, peanut agglutinin+) revealed reduced germinal center 

formation in popliteal lymph nodes (PLN) from obese/T2D mice at D14 post-infection 

(Figure 2D, E). Diminished germinal center formation in obesity/T2D led to further 

examination of cell populations within the draining PLN by flow cytometry. Approximately 

100-fold more cells were isolated from the draining PLN of both control and obese mice at 

days 7 and 14 post-infection compared to non-infected mice (Figure 2F) with marked 

increases in B and T lymphocytes (Figures 3B, 4B). However, PLN from obese/T2D mice 

consistently yielded larger cell numbers than controls. Thus, the reduction in antibody 

production and germinal center formation in PLN from infected obese/T2D mice was 

associated with increased cellularity. Despite increased total cell numbers, the proportion of 

macrophages (F4/80+ CD11b+) in the lymph nodes was lower in obese/T2D mice (Figure 

2G, H). There was no difference in the percentage of neutrophils (not shown) or dendritic 

cells within the draining PLN in obese/T2D mice compared to controls (Figure 2I). Thus, 

obesity/T2D was associated with impaired germinal center formation and antibody 

production, a phenotype that is linked with increased lymph node cellularity and impaired 

macrophage infiltration.

Obesity/T2D is associated with impaired T cell activation, germinal center T cell 
recruitment, and T cell polarization

Since obesity was associated with reduced germinal center formation, we next sought to 

determine the effect of obesity/T2D on T lymphocytes within the draining PLN. As with 

total cells (Figure 2F), there was a robust increase in CD3+ T cells in the draining PLN from 

day 0 to day 7, persisting to day 14 post-infection (Figure 3A, B) in both control and 

obese/T2D mice. In contrast to the difference in total cellularity, no differences in total T 

cells were noted between obese/T2D and control mice at any of the time points (Figure 3B). 

Moreover, the number of T cells persisted from D7 to D14 in both cohorts. Interestingly, 

despite the same number of total T cells, obese/T2D mice had a reduced proportion of CD3+ 

T cells at day 0 and day 14 post-infection (Figure 3C) compared to control mice. 25% of the 

total cells were composed of T lymphocytes at day 14 in lean controls, as opposed to only 

12% in the obese/T2D. This, coupled with the same number of total T cells in each group, 

indicates increased infiltration or proliferation of other cell types into the PLN in obese/T2D 

mice.
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A reduction in germinal centers in obesity/T2D (Figure 2D, E) led us to speculate that 

germinal center T cells would also be reduced in this population. Consistent with this 

reasoning, PLN from obese/T2D mice had 50% fewer CD4+ GL7+ germinal center T cells 

compared to controls 14 days post-infection (Figure 3D, E). We also noted a trend towards 

decreased germinal center T cells at day 7 post-infection in obese/T2D mice (Figure 3E). We 

next sought to establish if the reduction in germinal center T cells in obesity/T2D was a 

result of impaired T cell activation and antigen presentation. Consistent with this, obese/T2D 

mice had a 50% decrease in activated T cells compared to lean-fed controls by day 7 post-

infection (Figure 3F). This effect was transient however, as the percentage of activated T 

cells in obese/T2D mice normalized to that of the lean control by day 14. Together, these 

results associate impaired T cell activation with reduced germinal center T cells in the PLN 

of obese/T2D mice following footpad S. aureus infection.

Previous studies have established enhanced T cell polarization and recruitment to the 

adipose tissue in obesity. Adipose tissue inflammation and insulin resistance have been 

implicated with Th1 and Th17 cell polarization and infiltration (23, 24). Therefore, we 

speculated that distorted T cell polarization due to a high fat-diet and obesity would be 

further propagated following S. aureus infection. To this end, we further examined T helper 

cell subsets within the draining PLN 14 days post-infection. Interestingly, obesity/T2D was 

associated with an increase in CD4+ T helper cells compared to control mice (Figure 3G, 

H). Having established reduced germinal center T cells in obesity/T2D, we next examined T 

follicular helper (TfH) cell subsets. There was a 50% reduction in BCL6+ TfH cells in 

obese/T2D mice compared to controls (Figure 3I), a result consistent with impaired germinal 

center formation in this population. Conversely, obesity/T2D was associated with an 

increase in Th17 cells in the draining PLN compared to lean-fed mice (Figure 3J). T 

regulatory cell populations and Th1 populations were also present but showed no difference 

between obese/T2D mice and control mice (Figure 3K, L). Negligible numbers of TH2 cells 

were found in either group (<.01% cells, data not shown). Together, we conclude that 

obesity/T2D is associated with impaired T cell activation, reduced recruitment of TfH cells 

to germinal centers, and alterations in T cell polarization.

Obesity/T2D is associated with reduced GC B cells and aberrant B cell activation

Due to reduced germinal centers and impaired antibody production in obesity/T2D, B cells 

were assessed in the draining PLN. Interestingly, significantly more B cells were located in 

the PLN from obese/T2D mice than control mice prior to infection (Figure 4A, B). At day 7 

post-infection there was a greater than 100-fold increase in the total number of B cells in 

both control and obese/T2D mice compared to naïve lymph nodes. By day 14, the absolute 

number of B lymphocytes was reduced in lean-fed control mice (Figure 4B). This was in 

marked contrast to the number of total B cells from obese/T2D mice which remained 

elevated and was significantly greater than the number of B lymphocytes in lean-fed control 

PLNs (Figure 4B). Moreover, B lymphocytes were an increased percentage of the total cell 

fraction in obese/T2D mice compared to controls (Figure 4C). These data implicate B 

lymphocytes as the primary driver of the increased cell infiltration/proliferation (Figure 2F) 

in the lymph nodes of obese/T2D mice following S. aureus infection.
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Consistent with impaired antigen presentation (25, 26), the percentage of activated B cells 

was reduced in obesity/T2D at day 7 and day 14 following infection (Figure 4D, E). 

Moreover, the 50% reduction in activated B cells in obesity/T2D correlated with a similar 

reduction in germinal center B cells in this population by day 14 post-infection (Figure 4F, 

G). We also noted a trend towards reduced germinal center B cells 7 days post-infection in 

obese/T2D mice. These results associate obesity/T2D with reduced B cell activation and 

reduced germinal center B cells.

Impaired antibody response in obesity/T2D independent of bacterial killing

To determine if reductions in antibody production, germinal centers, and germinal center B 

cells reflected a decreased ability of obese/T2D mice to kill live S. aureus as part of antigen 

presentation, mice were challenged with S. aureus that was heat killed, treated with 

lysozyme and lysostaphin, and prepared in alum. Interestingly, obese/T2D mice displayed an 

increase in footpad swelling over the duration of the 14 days compared to controls, 

indicating that impaired bacterial killing was not necessary for elevated inflammation in the 

diabetic foot (Figure 5A). Consistent with results in mice infected with live S. aureus, 

obese/T2D mice had impaired anti-S. aureus IgG production (Figure 5B). Moreover, there 

was an increase in anti-S. aureus IgM production in obese/T2D mice (Figure 5C). This is 

consistent with our previous results in bone infection that indicated impaired class switch 

recombination in obesity/T2D (7). Quantitation by flow cytometry of the draining PLN 

revealed no difference in the total number of cells when comparing control and obese/T2D 

mice at day 14 post-injection (Figure 5D). Similar to obese/T2D mice infected with live S. 
aureus, we noted an increased proportion of B lymphocytes in this population (Figure 5E). 

Despite reduced anti-S. aureus IgG levels in obesity/T2D, the total proportion of GC B cells, 

macrophages, and dendritic cells, were equivalent to that of controls 14d post-challenge 

(Figure 5F–H). Moreover, histology revealed no differences in germinal centers or total 

germinal center area in obesity/T2D compared to lean mice 14 days post-injection. (Figure 

5I, J).

The surprising observation of impaired antibody production despite normal germinal center 

formation led us to hypothesize that class-switch recombination (CSR) is impaired in 

obese/T2D mice independent of antigen presentation. To examine this possibility, 

immunofluorescent staining for activation induced cytidine deaminase (AID) was performed 

on PLN of mice challenged for 14 days with killed S. aureus. AID is an enzyme that is 

crucial for CSR and is upregulated in germinal center B cells (27, 28). Consistent with the 

indication of impaired CSR in obesity/T2D, there was a significant reduction in AID+ 

immunostaining in germinal centers in this population compared to lean-fed controls (Figure 

5K). This finding translated statistically, as obese/T2D mice had reduced total AID+ staining 

within germinal centers compared to controls despite normal germinal center formation 

(Figure 5L). Together, these data imply that diminished antibody production in obesity/T2D 

is due in part to impaired CSR and reduced AID in germinal centers.
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Reduced antibody production and Aicda expression are associated with increased 
inflammation in obesity/T2D

To directly examine the influence of obesity/T2D on B cell activation and class switch 

recombination, naïve B cells were isolated from the spleen of obese/T2D mice and control 

mice. Following stimulation with CD40 ligand and IL4 for 48 hours, B cell activation was 

assessed by quantitating CD69+ cells by flow cytometry. No differences were noted in the 

proportion of activated B cells in obese/T2D mice compared to controls (Figure 6A, B). 

Comparable results were attained when B cells were stimulated with peptidoglycan and anti-

mouse IgM for 48 hours (Figure 6B). Consistent with this, CFSE staining to measure 

proliferation revealed no differences between obese/T2D mice and controls 2d post-

stimulation (Data not shown). Together, these results reveal no defect in B lymphocyte 

activation in obesity/T2D.

Isolated B lymphocytes were subsequently stimulated for 4 days with CD40L + IL4 to 

induce CSR and to observe antibody production. Consistent with our in vivo findings, B 

lymphocytes from obese/T2D mice produced markedly less IgG and IgE in vitro compared 

to controls (Figure 6C, D). No difference was noted in IgM production (Figure 6E). The 

finding of impaired CSR in obesity/T2D despite normal activation led us to further 

interrogate AID. Consistent with in vivo staining for AID, Aicda expression was 

significantly reduced in B cells from obese/T2D mice stimulated in vitro for 2d (Figure 6F). 

To validate these results, a second cohort of mice were infected for 7 days and lymph nodes 

harvested for RNA. Again, a marked reduction in Aicda expression was observed in 

obese/T2D mice (Figure 6G). Additionally, expression of Bcl6, a gene that is crucial for 

CSR in germinal centers, was almost completely suppressed in lymph nodes from 

obese/T2D mice compared to control mice (Figure 6H). Together, these results reveal 

impaired CSR in B lymphocytes of obese, type 2 diabetic mice.

It is logical to assume that high fat-diet induced obesity/T2D elicited changes in naïve lymph 

nodes and B lymphocytes prior to S. aureus infection, which contributed to the subsequent 

impaired humoral immune response to infection. In support of this, whole transcriptome 

sequencing of naïve lymph nodes from obese/T2D and control mice revealed 1802 

differentially expressed genes: 1512 were upregulated in obesity and 290 were 

downregulated (Figure 7A, B). While many genes were differentially expressed, their 

differences were relatively small, as only 2 genes were 10-fold increased in obese/T2D PLN 

compared to controls. Notably, Il17f was 16-fold more highly expressed and Mki67 was 9-

fold higher in obese/T2D mice compared to controls (Suppl. Table 1). Pathway analysis 

revealed an enrichment in terms associated with B cell receptor signaling, T cell receptor 

signaling, cell migration, chemokine signaling and transcription in obese/T2D mice (Figure 

7A). Moreover, cell type enrichment revealed enrichment in B cell subsets, particularly 

follicular B cells in obese/T2D mice compared to controls (Figure 7B). These results 

indicate increased B cell infiltration and accumulation in the naïve PLN of obese/T2D mice.

Histological analysis of naïve PLN revealed increased lymph node size and B cell 

infiltration/proliferation in obese/T2D mice (Figure 7C), confirming RNAseq results. No 

generation of germinal centers was noted in obesity/T2D despite an increase in B cells 

(Figure 7C). Flow cytometry on naïve PLN from uninfected, obese/T2D mice has 
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demonstrated increased total cellularity (Figure 2F) and increased total B cells compared to 

lean-fed controls (Figure 4C). Further analysis demonstrated reciprocal changes in B cell 

and T cell percentages (Figure 7D, E) in obese/T2D mice, a result that was primarily driven 

by an increase in the absolute number of B lymphocytes in obesity/T2D. Further analysis of 

naïve PLN revealed an increase in activated B cells in obesity/T2D (Figure 7F). Together, 

these data indicate that the naïve PLN from obese/T2D mice have an influx of B 

lymphocytes, and that these cells are in a proinflammatory, activated state. These changes 

likely predispose the host to defective humoral immune response to infection.

Discussion

In this study, we demonstrate impaired S. aureus clearance by obese/T2D mice in a model of 

foot infection. Importantly, this result was associated with increased cellular infiltration at 

the infection site, impaired innate immune function, and reduced humoral immune 

responses. With regards to infection, peripheral vascular disease and neuropathy associated 

with T2D account for much of the increased risk of foot ulcers in diabetic patients. However, 

these factors alone do not fully account for the impaired immune response that appears to be 

at least partially attributable to obesity. In support of this, multiple studies have 

demonstrated an association between obesity and increased infection susceptibility 

following surgery (1, 6, 29). Moreover, obese patients are also at increased risk of 

developing community associated infections such as influenza (30), periodontitis (8), and 

skin infections (31). Consistent with other studies (32), we demonstrate that obese/T2D mice 

have an increase in inflammatory cell infiltration to the infection site and impaired bacterial 

killing (Figure 1) (8, 9, 33). Specifically, the primary source of inflammatory cells within the 

footpad of obese/T2D mice 7 days post- infection were CD11b+ GR1+ granulocytes. 

Despite increased phagocytes in obesity/T2D, we noted reduced clearance of S. aureus. 

Moreover, an increased proportion of S. aureus was observed to be extracellular or residing 

within dead host cells in the obese population. To our knowledge, this is the first study 

linking impaired immune function with reduced bacterial clearance in a model of diet-

induced obesity/T2D and foot infection. These results were similar to a footpad infection in 

genetically modified leptin deficient mice, which also demonstrated impaired S. aureus 
killing in obesity (11). Additionally, our results reveal an impaired humoral immunity that 

may be a major driver of increased infection risk in the obese/T2D population. Moreover, we 

have previously demonstrated in a model of bone infection that obesity predisposes mice and 

patients to infection, a result that was independent of hyperglycemia (7). Therefore, we 

conclude that to reduce the incidence of foot infection, it is likely insufficient to only treat 

the underlying hyperglycemia in obesity/T2D. Rather effective treatment to restore immune 

function and reduce infection risk may require addressing the other elements of the obesity 

phenotype. To date, the most effective approach remains reducing body mass index.

Given the impaired innate immune function of obese/T2D in the foot infection model, it is 

not surprising that defects were also noted within the draining PLN. To our knowledge, the 

effect of impaired innate immunity and reduced bacterial killing in obesity/T2D on humoral 

immune function has not been established. In this report, the humoral immune response in 

obese/T2D mice infected with live S. aureus was characterized by impaired antibody 

production, reduced germinal center formation, impaired B and T cell activation, altered T 
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cell polarization, and reduced germinal center B and T cells. Moreover, at day 7 post-

infection this was associated with reduced numbers of macrophages within the draining 

PLN. Interestingly, when enzymatically digested S. aureus was administered, we noted a 

rescue in germinal center formation and macrophage number in the lymph nodes of 

obese/T2D mice. This argues that impaired S. aureus killing in the obese/T2D foot instigates 

impaired antigen presentation and lymphocyte activation in the draining PLN. It is also 

worth noting that the kinetics of inflammation within the PLN matched that of inflammation 

in the footpad. In both control and obese/T2D mice, there was a robust increase in cells 

within the footpad by day 7, and a subsequent increase in total cells in the PLN. By day 14 

most lean mice resolved the infection, and there was a subsequent decrease in total 

lymphocytes within the draining PLN. In contrast, in obese/T2D mice, inflammation 

persisted in the foot concurrently with enhanced inflammation and cell recruitment/

proliferation in the draining PLN. Taken together, we demonstrate here a clear association in 

obesity/T2D between impaired innate immune killing of S. aureus, increased lymph node 

cellularity, aberrant lymphocyte activation, and diminished humoral immunity. Further 

studies must be completed to conclusively show the cellular source and mechanism of 

impaired antigen presentation in the lymph nodes in obesity/T2D.

We also demonstrate impaired B lymphocyte function in obesity/T2D independent of S. 
aureus killing. Supporting this conclusion, obese/T2D mice challenged with killed S. aureus 
had impaired anti-S. aureus antibody production, similar to those infected with live S. 
aureus. Moreover, reduced anti-S. aureus IgG in obese/T2D was established despite 

correcting for antigen presenting cells, lymphocyte activation, and germinal center formation 

when challenged with killed S. aureus. This implies that impaired humoral immune 

responses in obesity/T2D are due, at least in part, to compromised B lymphocyte function. 

This is consistent with studies demonstrating altered B cell responses in ex vivo stimulated 

B cells from obese mice (34). Consistent with this finding, we noted impaired in vitro IgG 

and IgE production by previously naïve B lymphocytes in obese/T2D mice stimulated with 

CD40L+IL-4 to induce CSR. Moreover, this phenomenon was associated with a reduction in 

Aicda (AID) gene expression in both PLN of infected obese/T2D mice in vivo and 

stimulated B cells from obese/T2D mice in vitro. AID is a critical enzyme in CSR, 

producing double stranded breaks in the DNA of B cells, and ultimately instigating the 

production of class-switched, highly specific antibodies (27, 35, 36). Our data argue that 

reduced AID expression and impaired CSR in B lymphocytes from obese/T2D mice is a 

source of dampened immunoglobulin production in this population. Consistent with these 

findings, clinical studies have shown that obesity is associated with impaired humoral 

immunity to influenza vaccination (13) and reduced titers to the tetanus vaccine in obese 

children (14). This further implicates impaired humoral immune function with obesity and 

argues that the defect is not specific to S. aureus. However, further studies must be 

completed to conclusively determine the role of impaired class-switching and antibody 

production in obesity/T2D in other infectious diseases.

It is tempting to link increased inflammation in the naïve obese/T2D lymph node with 

impaired humoral immune responses and antibody production upon immune challenge. It is 

generally accepted that diet-induced obesity is associated with increased systemic 

inflammation (17, 37). Consistent with this, B lymphocytes are instrumental in the 
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progression of diabetes, driving inflammation and ultimately insulin resistance (16, 18). 

How obesity-induced inflammation and activation of B cells affect responses to infection has 

not been established. It was recently revealed that elevated TNF-α production by B cells in 

aged mice limits B cell responses, impairs class switch recombination, and reduces AID 

production following LPS stimulation (38). Importantly, diabetes and obesity are driven, at 

least in part, by elevated proinflammatory cytokines (37, 38). Moreover, we have previously 

shown that TNF-Tg mice accumulate CD23+CD21highCD1dhigh B cells in inflamed lymph 

nodes (Bin), which are non-activated polyclonal antigen capturing cells (25, 26). Thus, 

accumulation of these bystander cells from obese/T2D chronic inflammation could also 

contribute to the increase in B cells, and inefficient germinal center reactions, we observed. 

It is also possible that reduced immunoglobulin production by obese/T2D mice is a result of 

altered T cell polarization. In support of this, TfH cells were decreased and Th17 cells were 

increased in lymph nodes of infected obese/T2D mice (Figure 3). Additionally, IL17f was 

highly expressed in the non-infected obese lymph node (Supplementary Table 1). IL17A and 

IL17F are implicated in the inflammation of obesity (39, 40), and Th17 cells have a known 

role in B cell class switching to isotypes IgG2a and IgG3 (41). We did not observe any 

differences in immunoglobulin isotype production (data not shown), and ex vivo B cells 

from obese mice had reduced CSR in the absence of Th17 stimulus. Nonetheless, it is 

possible that altered T cell polarization negatively affects immunoglobulin production in 

obese/T2D mice.

In this study, we demonstrate inflammation within the naïve lymph nodes in obese/T2D 

mice by whole transcriptome sequencing, and further validated this by flow cytometry, 

demonstrating increased activation of lymph node B cells in this population. One side effect 

of enhanced inflammatory cytokine production in aging and obesity is an increase in 

microRNA-155 (42, 43). Importantly, miR-155 is a known regulator AID and CSR (28, 44). 

Therefore, chronic low grade inflammation associated with obesity may mediate down 

regulation of B cell responses via an AID and miR-155 dependent mechanism, ultimately 

decreasing B lymphocyte antibody production. The source of inflammation in B 

lymphocytes is currently unclear. Exogenous cytokine production and inflammation are well 

known comorbidities of obesity (17). However, altered metabolism in B lymphocytes as a 

result of changes in substrate (ie. increases in saturated fat) may also play a role in impaired 

B cell responses and inflammation. Consistent with this, the humoral immune response is 

known to be tightly regulated by metabolism (45) and studies have shown that B cell 

function in obesity can be modulated by fatty acid supplementation (34, 46). Nonetheless, 

further studies must be completed to fully elucidate the mechanism of impaired B 

lymphocyte class-switching in obesity and type 2 diabetes.

Together, these results demonstrate impaired immunity in obesity/T2D that contributes to 

impaired clearance of S. aureus in a model of foot infection. Moreover, we demonstrate 

impaired humoral and innate immune function in obesity/T2D, each instrumental in reduced 

antibody production. The defects in humoral immunity likely contribute to the increased risk 

of infection in obese/diabetic patients and warrants further study.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Impaired S. aureus clearance and increased inflammatory cell infiltration in 
obesity/T2D
C57BL6/J mice were fed a diet consisting of 60% Kcal from fat or 10% Kcal from fat for 3 

months. Mice where then A. weighed and B. non-fasting blood glucose was measured prior 

to footpad infection with S. aureus. C. Infected mice were harvested for CFU quantitation at 

day 5 and day 12 (n=5 for each group). D. Footpad swelling was measured as a readout for 

immune cell infiltration. Control and obese/T2D mice were infected with SF-GFP S. aureus, 
harvested at day 7, and pooled for flow cytometry. E. Gaiting on GFP+ S. aureus indicated 

an increased proportion of S. aureus associated with host cells in infected footpads of 

obese/T2D mice F. Further gaiting on the GFP+ S. aureus population with a mammalian 

specific viability dye revealed an increased proportion of S. aureus in dead cells of 

obese/T2D mice. G. Proportion of non-infected live cells (Gated on FSC, SSC and viability) 

that were granulocytes. *p<.05, ** p<.01 *** p <.001. A–C unpaired student T test. D. Two 

way ANOVA and Bonferroni post-hoc analysis. Each point represents one mouse, error bars 

represent SEM. E–G are pooled specimens from 6 mice and are representative of 2 

independent experiments.
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Figure 2. Impaired humoral immune responses and germinal center formation in obese/T2D 
mice
Mice (n=6–10) were infected in the footpad with S. aureus. At 14d, A. total IgG and B. total 

IgM, and C. anti-S. aureus IgG were measured by ELISA. Mice (n=4) were sacrificed at d14 

and lymph nodes were isolated for histological staining. D. Representative fluorescent 

micrographs obtained at 2x and 20x magnification of medial sections of lymph nodes from 

control and obese/T2D mice (n=4) stained with DAPI (blue, cells), B220 (pink, B cells), and 

peanut agglutinin (green, PNA; germinal centers). E. is quantitation of germinal center 

numbers per lymph node. F. Popliteal lymph nodes (n=4–5 mice) were isolated for flow 

cytometry, and total cells were quantitated prior to infection, 7d and 14d post-infection. G. 
Representative surface staining for macrophages in the draining popliteal lymph node 7d 

post-infection. H. Quantitation of G. I. Quantitation of total dendritic cells in draining 

popliteal lymph node. *p<.05, ** p<.01. unpaired student T test except for F., Two way 

ANOVA and Bonferroni post-hoc analysis. Quantification in E. is from lymph nodes from 4 

mice. Each data point represents an average of 3 sections per node, all sections separated by 

100–150um.
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Figure 3. Impaired T cell activation and polarization in obese/T2D mice
Mice (n=4–7 per group) were infected in the footpad with S. aureus. Draining popliteal 

lymph nodes were harvested, stained, and analyzed by flow cytometry. A. Representative 

plots 14d post-infection of CD19+ B cells and CD3+ T cells. B. Quantitation of CD3+ T 

cells from A. C. % of total T cells from draining PLN in A. D. Representative images of 

gating strategy for germinal center T cells (CD3+, CD4+, GL7+). E. Quantitation of 

germinal centers before, 7 and 14d post-infection. F. Quantitation of CD69+ activated T 

cells. G. Representative surface staining for CD4 demonstrating increased CD4+ T cells in 

obese/T2D mice. H. Quantitation of G. Intracellular cytokine and transcription factor 

staining of T cells was quantitated from poplitaeal lymph nodes of infected mice in G. I. 
BCL6+ staining of TfH cells, J. Th17 cells, K. T regulatory cells, and L. Th1 cells (all gates 

on CD3+ CD4+ cells). *p<.05, ** p<.01. unpaired student T test (H–L). Others were 

analyzed by two way ANOVA and Bonferroni post-hoc analysis.
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Figure 4. Impaired B cell activation and reduced germinal center B cells in obese/T2D mice
Mice (n=5–7 per group) were infected in the footpad with S. aureus. Draining popliteal 

lymph nodes were harvested, stained, and analyzed by flow cytometry. A. Representative 

plots 14d post-infection of B cells (CD19+). B. Quantitation of B cells in A. C. % of total B 

cells from A. D. Representative images of gating strategy for activated B cells(CD19+, 

GL7+). E. Quantitation of activated B cells from D. F. Representative plots of germinal 

center (Gl7+) B cells (gated on CD19). G. Quantitation of F. on uninfected, d7 infected and 

d14 infected.*p<.05, ** p<.01. Two way ANOVA and Bonferroni post-hoc analysis.
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Figure 5. Impaired germinal center reactions and humoral immunity in obese/T2D mice occur in 
the presence of normal numbers of antigen presenting cells
Mice (n=8–9) were challenged in the footpad with enzymatically digested S. aureus mixed 

in alum. A. Footpad swelling was determined prior to harvest. B. Anti-S. aureus IgG 

antibody production and C. anti-S. aureus IgM were measured in serum 14d post-challenge. 

Draining popliteal lymph nodes were isolated for flow cytometry and D. total cells, E. 
proportion of CD19+ B cells, F. GC B cells (GL7+ CD19+), G. macrophages (F480+ 

CD11b+), and H. dendritic cells (CD11b+ CD11c+) were quantitated. I. Immunofluorescent 

staining was performed on popliteal lymph nodes 14d post infection to determine germinal 

centers (DAPI-blue, B cells-pink). J. Quantitation of germinal center area in I. K. 
Immunofluorescent staining for activation induced cytidine deaminase (AID). Dashed white 

lines outline germinal centers. L. Quantitation of K. *p<.05, ** p<.01. unpaired student T 

test except A, two way ANOVA and Bonferroni post-hoc analysis. Each point represents one 

mouse, error bars indicated SEM. For quantitation in J. and L., each point is the average of 3 

sections, 100um apart, from one lymph node.
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Figure 6. Obesity/T2D is associated with impaired class switch recombination in vitro and in vivo
B lymphocytes isolated from the spleens of control or obese/T2D mice (n≥4) were cultured 

with vehicle control or CD40 ligand + IL-4, followed by immunostaining for activated B 

cells (CD69+) A. Representative panels demonstrating in vitro activation 48h post-

stimulation. B. Quantitation of activated activated B cells from A. or from stimulation with 

peptidoglycan or anti-mouse IgM. Fold change in C. IgG, D. IgE, and E. IgM produced by 

splenic B cells activated with CD40L + IL-4 after 4 days. F. Aicda expression was measured 

4d post-stimulation of splenic B cells with CD40L + IL-4. G. Aicda and H. Bcl6 expression 

in popliteal lymph nodes of mice infected for 7d with S. aureus. *p<.05, ** p<.01. unpaired 

student T test. B. is pooled data from three separate experiments performed in triplicate. C–
F is pooled data from four independent experiments, each performed in triplicate.
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Figure 7. Increased activation and inflammation in naïve lymph nodes from obese/T2D mice
Popliteal lymph nodes were isolated from naïve obese/T2D and control mice (n=3), and 

whole transcriptome analysis performed. A. Gene ontology terms that were significantly 

enriched in obese/T2D mice using Ingenuity pathway analysis are shown. B. Cell type 

enrichment was performed using ENSEMBLE demonstrating increased follicular B cells in 

obesity/T2D. C. Representative histological images demonstrating increased follicular B 

cells in obesity/T2D (DAPI-blue, B cells-pink, peanut agglutinin GC-green). Flow 

cytometry was performed on naïve lymph nodes from control and obese/T2D mice. D. 
Representative flow cytometry panels demonstrating B cell and T cell populations in naïve 

popliteal lymph nodes of obese/T2D mice and control mice. E. Proportion of CD19+ B cells 

or CD3+ T cells in naïve PLN. F. Quantification of activated B cells (CD69+) within the 

naive PLN. *p<.05, ** p<.01. unpaired student T test. Each point represents one mouse or 

biological replicate. N>6 for C–F. Error bars indicate SEM.
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