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Abstract 
Pseudomonas aeruginosa (Pa) is an opportunistic pathogen threatening individuals with obesity, a condition associated 
with chronic meta-inflammation and altered immunity. In this study, we evaluate the immunogenicity and protective 
efficacy of a nanoemulsion-based subunit vaccine (L-PaF/ME/BECC) targeting Pa in a diet-induced obese mouse model. 
Mice fed a high-fat diet (HFD; 60% fat) were compared to those on a low-fat diet (LFD; 10% fat) or regular chow (3% to 4% 
fat) to assess differences in vaccine responsiveness. Our results show that while L-PaF induces robust immune responses 
across all groups, HFD-fed mice exhibit significantly impaired antibody quality, including reduced IgA, IgG1, and IgG3 
titers. These deficiencies were associated with impaired germinal center B-cell and T follicular helper cell responses, along 
with reduced CXCR5 and PD-1 modulation. In contrast, LFD-fed mice displayed preserved germinal center architecture 
and enhanced class-switched antibody production. This immune impairment extended to the lung-resident memory B cell 
in HFD mice, whereas LFD mice maintained a functional response. Despite compromised humoral immunity, HFD mice 
showed an expansion of lung tissue-resident memory T (Trm) cells postvaccination. FTY720 treatment showed that 
early secondary protection against Pa was maintained in the absence of circulating T-cell recruitment, consistent with a 
dominant contribution of lung-resident immune mechanisms during this early recall phase. Together, these findings 
suggest that lung Trm-associated immunity may partially compensate for obesity-associated defects in humoral 
responses and highlight the importance of vaccine strategies that promote tissue-localized T-cell immunity in metaboli
cally compromised hosts.
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Introduction
Obesity is a chronic and complex disease with an accumulation 
of excessive visceral fat, resulting in a high body mass index 
(>30 kg/m2). Obesity rates have surged 3-fold since 1975,1 with 
33% of adults and 17% of children being classified as obese or 
overweight in the United States.1 The accumulated metaboli
cally active visceral fat contributes to “meta-inflammation,” 
which exacerbates inflammatory responses that may be trig
gered by an infection.2,3 Meta-inflammation results in sustained 
activation of macrophages, which in turn promote the release of 
proinflammatory cytokines, including TNF-α, IL-6, and IL-1β, and 
others. Despite producing more proinflammatory cytokines, 
people with obesity tend to experience more severe viral and 
bacterial pneumonia.4–6 Obesity was thus identified as a major 

risk factor for respiratory virus infection–related deaths during 
the coronavirus disease 2019 (COVID-19)6 and 2009 influenza A 
(H1N1)7 pandemics.

The “double pandemic,” referring to the synergistic interplay 
between obesity and infection, is evident in both viral and bacte
rial diseases.8 In particular, obesity-related impairment of pulmo
nary host defenses increases susceptibility to infections caused 
by the opportunistic gram-negative pathogen Pseudomonas aeru
ginosa (Pa).9 Pa is a leading cause of severe pneumonia, particu
larly in individuals with weakened immune systems.9,10 A recent 
study has shown obesity to elevate the severity of Pa-pneumonia 
through decreased phagocytosis via alveolar macrophages 
(AMs).4 Moreover, the innate and emerging antibiotic resistance 
of Pa has made these infections increasingly difficult to treat. 
Multidrug-resistant (MDR) strains of Pa are now recognized by 
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health authorities as critical threats due to their limited treatment 
options.11 Globally, these infections contribute significantly to the 
healthcare burden.12,13 According to the 2019 Centers for Disease 
Control and Prevention Antibiotic Resistance Threats report, MDR 
Pa poses a severe risk with approximately 32,600 hospitalized 
individuals contracting MDR Pa in 2017, resulting in 2,700 deaths 
and $757 million in medical costs in the United States.14 A further 
escalation of these Pa infections then continued from 2019 to 
2022.14 Given the existing literature highlighting the impaired bac
terial clearance in high-risk populations, the development of effec
tive prophylactic measures is imperative to combat the escalating 
issue of antibiotic resistance in Pa.

Vaccination stands as one of the greatest public health 
achievements of our time, playing a crucial role in controlling 
past and present epidemics and pandemics.15,16 Previous stud
ies on COVID-19 and influenza suggest that obese individuals 
face a higher risk of severe outcomes, including death, which is 
directly linked with reduced neutralizing antibody titers.17–19

Furthermore, the reduced efficacy of hepatitis B and rabies vac
cines has been linked to lower antibody levels in obese popula
tions.20,21 However, unlike vaccines against viral pathogens, no 
studies have yet examined the effectiveness of vaccines target
ing gram-negative bacterial pathogens in obese individuals. 
Given the high burden of Pa infections in immunocompromised 
and at-risk populations, we considered it was important to in
vestigate how obesity-driven inflammation influences Pa im
mune biology. Understanding these interactions will be critical 
for optimizing vaccine formulations to ensure robust and dura
ble protection in obese individuals, thereby addressing a signifi
cant gap in current vaccine research.

Because of the public health risk posed by Pa, we developed a 
protein subunit vaccine against Pa incorporating 2 highly con
served proteins of the type III secretion system (T3SS), PcrV and 
PopB, which are the tip and the first of 2 translocator proteins of 
the Pa T3SS, respectively. The fusion of PcrV and PopB, forming 
Pa fusion (PaF), elicits a robust immune response, which is fur
ther enhanced by fusion of the LTA1 subunit of labile toxin (LT) 
from enterotoxigenic Escherichia coli, leading to the develop
ment of self-adjuvanting L-PaF.22,23 Additionally, L-PaF has been 
formulated as a squalene-based oil-in-water (o/w) nanoemulsion 
with or without the nontoxic Toll-like receptor 4 (TLR4) agonist 
BECC438b, a biologically derived lipid A analogue.23–26 Evaluation 
of this formulation in multiple inbred and outbred murine models 
confirmed the vaccine’s efficacy and identified immune correlates 
of protection, including the presence of opsonophagocytic immu
noglobulins and IL-17A.22,23,25 Furthermore, our findings indicate 
that the anti-Pa immune response is influenced by the lung mi
croenvironment, with enhanced protection as the lung locally 
regulates immune homeostasis.25–27 This effect was examined 
across both young and elderly murine populations, demonstrat
ing age-related differences in vaccine-induced immunity.26

In this study, we evaluate the protective efficacy of the L-PaF vac
cine formulation in a diet-induced obese (DIO) mouse model and in
vestigate the key immune cell populations involved in mediating 
the immune response. We systematically compare the immune 
responses among high-fat diet (HFD; 60% fat), a metabolically 
matched low-fat diet (LFD; 10% fat), and regular laboratory chow 
(RC; 3% to 4% fat) fed mice to determine how metabolic status 
influences vaccine efficacy. While L-PaF immunization elicited 

robust humoral and cellular responses across all groups, HFD mice 
demonstrated markedly impaired antibody function, characterized 
by notably low IgA titers, significantly compromised germinal center 
(GC) formation, and a marked reduction in lung-resident memory B 
(Brm) cells. In contrast, however, we identify an increased popula
tion of lung tissue-resident memory T (Trm) cells in immunized HFD 
mice, which appears to contribute to protection against Pa coloni
zation, particularly in the absence of effective humoral immunity.

Materials and methods
Squalene was obtained from Echelon Biosciences (Salt Lake 
City, UT, USA), and BECC438b (hereafter referred to as BECC) 
was prepared following previously established protocols.25 All 
buffers and chemicals utilized in this study were of reagent- 
grade quality.

Protein purification and vaccine 
formulation
L-PaF was purified using standard immobilized metal affinity 
chromatography and Q anion exchange chromatography, fol
lowed by dialysis with 0.05% Lauryldimethylamine oxide and 
storage at −80 �C. All proteins were produced in accordance 
with the standard operating procedures established in our labo
ratory.22,23,28,29 The o/w emulsion formulations, referred to as 
MedImmune Emulsion (ME), were prepared by homogenizing 
squalene (8% by weight) and polysorbate 80 (2% by weight) to 
achieve a uniform oil phase. Histidine (40 mM, pH 6) and 20% su
crose were then incorporated into the oil phase, resulting in a 
milky emulsion designated as 4× ME. BECC438b (0.5 mg/mL) 
was solubilized in 0.5% triethylamine (pH 7.2) before incorpora
tion. L-PaF was added to the final formulation, designated L- 
PaF/ME/BECC, which includes BECC438b as an adjuvant.30

Animals
C57BL/6J (strain 000664), C57BL/6J DIO (strain 380050), and 
C57BL/6J DIO control (strain 380056) male mice of at least 
16 weeks of age were purchased from The Jackson Laboratory.31

After delivery, mice were given a week to acclimate, and then 
they were maintained on their respective diets: RC (Lab Diets, cat 
# 5053; �4.5% fat) for C57BL/6J, HFD chow (Research Diets, cat # 
D12492; 60% fat) for C57BL/6J DIO, and an HFD-matched LFD 
chow (Research Diets, cat #D12450K; 10% fat) for C57BL/6J DIO 
control. The background nutrients in the RC diet were not 
matched to the 2 fat-containing diets but were included in some 
of these experiments because this is the diet fed to mice used in 
previous studies done in our laboratory.

Immunization
Mice were immunized intranasally with 30 µL containing PBS, 
1 µg of L-PaF in ME (L-PaF 1/ME), 5 µg of L-PaF in ME (L-PaF 
5/ME), 1 µg of L-PaF with 0.5 µg BECC in ME (L-PaF 1/BECC 
0.5/ME), 5 µg of L-PaF with 0.5 µg BECC in ME (L-PaF 5/BECC 
0.5/ME), 1 µg of L-PaF with 1 µg BECC in ME (L-PaF 1/BECC 1/ME), 
and 5 µg of L-PaF with 1 µg BECC in ME (L-PaF 5/BECC 1/ME). 
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Formulations were administered on day 0 as a prime dose, followed 
by booster doses on days 14 and 28. Mice were bled on 0, 28, 42, 
and 56 days postimmunization to prepare serum.

Ethics statement
All animal studies were carried out in accordance with the 
University of Missouri–Columbia Institutional Animal Care and 
Use Committee animal use statement (protocol number 38241).

ELISA
Serum IgG and IgA responses were determined against the vac
cine components PcrV and PopB using 96-well plates coated 
with 1 µg/mL of PcrV or PopB. Protein binding was allowed for 
3 hours, followed by blocking with 10% nonfat dry milk over
night at 4 �C. Mouse serum was added and incubated for 1 hour 
at 37 �C, followed by washing with PBS-Tween 20. Goat anti- 
mouse IgG (1:1,000)/IgA (1:4,000) (cat # OB1040-05 for IgA from 
Southern Biotech; cat # 5450-0011 [474-1806] for IgG from Sera 
Care) secondary antibodies conjugated with horseradish peroxi
dase (HRP) were added followed by the addition of TMB sub
strate (3,30,5,50-tetramethylenebenzidine). Phosphoric acid was 
used to stop the reaction and ELISA units per mL (EU/mL) were 
used to compute endpoint titers. Similarly, IgG1 and IgG3 sub
classes were determined using the goat anti-mouse IgG1 
(1:1,000) and rat anti-mouse IgG3 (1:4,000) (Southern Biotech, 
cat # 1070-05 and 1191-05, respectively) tagged with an HRP- 
conjugated secondary antibody.

Opsonophagocytic killing assay
The opsonophagocytic killing (OPK) assay was performed as de
scribed previously.25 In brief, 90% confluent J774.1 mouse mac
rophage cells were used for the serum opsonization assay. 
Then, 2 × 107 mPa-0831 was prepared in 10% bovine serum al
bumin (Sigma, St. Louis, MO, USA) containing minimal essential 
medium (Thermo Fisher, Waltham, MA, USA) and added to the 
macrophages at a multiplicity of infection of 0.1. Sera obtained 
from each mouse group at 42 days postimmunization were sub
jected to heat inactivation at 56 �C for 30 minutes. The samples 
were subsequently diluted 1:500 and mixed with bacteria and 
macrophages in equal proportions (1:1:1), yielding a final vol
ume of 300 μL. Following incubation at 37 �C for 30 minutes, se
rial dilutions were performed for all technical quadruples and 
plated onto Pseudomonas isolation agar. After overnight incuba
tion, the following formula was used to calculate percentage of 
bacterial killing: 

CFU at T0ð Þ � CFU at T30ð Þ
� �

ðCFU at T0Þ
× 100 

Pseudomonas aeruginosa infection
The Pa cultures were prepared as previously described.25 In brief, 
an overnight culture of mPa-0831 was inoculated into fresh low 
salt Luria Broth at a dilution of 1:100 until the absorbance (A600) 
reached 0.34 to 0.35. Intranasal administration of 4 × 107 CFU/ 

30 µL, 1 × 108 CFU/30 µL, and 4 × 108 CFU/30 µL mPa-0831 were 
used to infect RC, LFD, and HFD mice, respectively. Lungs were 
harvested approximately 16 to 18 hours postinfection. The bac
terial challenge dose depended upon the predetermined lethal 
dose 50%, which was influenced by the body weight and im
mune status of the animals. Experiments were performed to 
determine the appropriate challenge dose that allowed us to 
observe vaccine-mediated protection.

Organ processing
In prechallenge experiments, mouse lungs were aseptically col
lected on day 56 after the first immunization. In postchallenge 
experiments, mouse lungs were collected 16 hours after pulmo
nary challenge. Lungs were dissociated using the MACS Lung 
Dissociation kit (Miltenyi Biotec, Gaithersburg, MD, USA). The 
red blood cells (RBCs) were lysed using the RBC lysis solution 
provided in the kit, and lung cell suspensions were prepared by 
filtering through a 70-µm filter. Cells were adjusted to the de
sired concentration for further use in MSD cytokine analysis 
(Meso Scale Discovery, Rockville, MD, USA) and bacterial enu
meration. For flow cytometry studies and some of the prechal
lenge studies, spleens were collected from mice, processed 
using MACS Spleen Dissociation kit (Miltenyi Biotec) into single- 
cell suspensions, and diluted to the desired concentrations.

Cytokine analysis
Single-cell suspensions of lung cells or splenocytes were incu
bated at 37 �C for 48 hours with or without PcrV or PopB at 
a concentration of 10 µg/mL. Supernatants were collected and 
analyzed using U-PLEX assay kits to quantify cytokine concen
trations. Prechallenge lung samples were assessed for IFN-γ, 
IL-17A, IL-2, IL-22, IL-6, TNF-α, and IL-12p70 concentrations. In 
contrast, postchallenge unstimulated lung samples were evalu
ated for TNF-α, IL-6, IL-1β, and IL-15. Cytokine concentrations 
were determined according to the manufacturer’s instructions 
(Meso Scale Discovery).

FTY720 treatment
Mice received intraperitoneal injections of FTY720 (Tocris 
Bioscience, cat # 6176) (1 mg/kg) or PBS as indicated beginning 
3 days prior to infection.

Flow cytometric analysis
For splenocytes, GC B cells, T follicular helper (TFH) cells, and T 
follicular regulatory (TFR) cells were also assessed. All samples 
were subjected to live-dead staining using Fixable Viability Stain 
620 (BD Biosciences, cat # 564996) for 15 minutes at room tem
perature. The cells were washed and stained for surface markers 
on ice for 20 minutes. After surface staining, cells were washed 
with stain buffer (prepared in the laboratory; 1% FBS and 0.09% 
sodium azide in HBSS) twice, and then they were either subjected 
to acquisition or were further processed for intracellular staining. 
For intracellular staining, cells were fixed and permeabilized with 
1× Fix/Perm buffer followed by washing with 1× Perm/Wash 
buffer of Transcription Factor Buffer Set (BD Pharmingen, cat # 

The Journal of Immunology, 2026, Vol. 215, No. 3 3 



562574). Cells were then stained with the intracellular antibody 
mix and incubated on ice for 20 minutes. Samples were washed 
and data acquired on a Bigfoot Cell Sorter (Thermo Scientific) at 
the University of Missouri Laboratory for Infectious Disease 
Research Immunology Core. Manual gating of flow cytometry 
data was done using FlowJo v10.10.0.

The markers used in cell characterization were as follows (all 
antibodies are from BD Biosciences, unless otherwise stated):

• Macrophages: CD40 (cat # 561846), CD11c (cat # 568971), 
F4/80 (cat # 569223), CD64 (cat # 558539). 

• Classical dendritic cells type 2 (cDC2): CD86 (cat # 553691), 
CD40 (cat # 561846), CD11c (cat # 568971), MHC-II (I-A/I-E, cat 
# 743870), CD3 (cat # 563565), CD19 (cat # 563557), CD64 (cat 
# 558539), F4/80 (cat # 569223), CD24 (cat # 757887). 

• AMs: CD11c (cat # 746392), MHC-II (I-A/I-E, cat # 746086), and 
Siglec-F (cat # 552126). 

• GC B cells: CD138 (cat # 563147), B220 (cat # 756542), CD19 
(cat # 562701), GL7 (cat # 570602), Bcl6 (cat # 563581), IRF4 
(cat # 566649). 

• TFH and TFR cells: CD4 (cat # 558107), B220 (cat # 746206), 
CXCR5 (cat #5 61988), PD1 (cat # 568608), Bcl6 (cat # 563581), 
Foxp3 (cat # 567458). 

• Trm cells: CD3 (cat # 555274), CD4 (cat # 558107), CD44 (cat # 
568507), CD62L (cat # 570282), CD69 (cat # 569688), CD103 
(cat # 758108). 

• Brm cells: CD19 (cat # 562701), B220 (cat # 756542), CD38 (cat 
# 755623), IgD (cat # 405708, BioLegend), CD69 (cat # 569688), 
CXCR3 (cat # 753433), CD80 (cat # 746775), PDL2 (cat 
# 752609). 

Data and statistical analyses
GraphPad Prism v10.1 software was used to process data and to 
perform statistical tests. FlowJo v10.1.1 software was used to 
analyze flow cytometry data. Normality was checked using the 
Shapiro–Wilk test. Data followed a nonparametric distribution. 
Comparisons between 2 groups were assessed by the Mann– 
Whitney U test. Three or more groups were compared by either 
Kruskal–Wallis test with Dunn multiple comparison post hoc 
test or 2-way ANOVA following the uncorrected Fisher least sig
nificant difference/Tukey multiple comparison test. PBS was 
used as control in all cases. Studies were conducted with 5 mice 
per group unless otherwise stated in the text or figure legends 
(*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001).

Results
L-PaF/ME/BECC is immunogenic in
diet-induced obese mice
Humoral response
Previous studies from our group showed that L-PaF, used alone 
or with ME and BECC, provides strong protection against Pa in 
diverse mouse strains.23,25 To assess the immunogenicity of 
L-PaF/ME with or without BECC in an obese mouse model, we 
immunized all the 3 cohorts of mice (HFD, LFD, and RC) with 

varying concentrations of L-PaF formulated with ME and with or 
without BECC using a prime-boost-boost regimen, with 14 days 
between each dose. We collected serum samples for this dose 
escalation experiment as described in the Materials and meth
ods. We observed that total IgG levels in the sera of mice were 
largely consistent across all diet groups; however, these levels 
began to wane in the HFD mice relative to the other 2 groups 
(Fig. 1A–F). The L-PaF 5/ME/BECC 0.5 group showed higher anti- 
PcrV and anti-PopB IgG titers, closely followed by the L-PaF 
5/ME and L-PaF 5/ME/BECC 1 groups. Anti-PopB titers demon
strated greater variability than the anti-PcrV titers. For IgA, initial 
levels were comparable across cohorts, though the HFD mice 
exhibited a noticeably more rapid decrease in IgA titers (Fig. 1G–L). 
Both immunogens elicited class switching to IgA, though to a lesser 
extent than IgG, and induced similar IgA levels against PcrV and 
PopB across cohorts. This dose-escalation study underscores the 
immunogenic potential of L-PaF when formulated in an o/w emul
sion nanoparticle (ME) with or without the TLR4 agonist BECC.

Cellular responses
To assess cellular immune responses, we analyzed lung tissues 
from mice immunized with L-PaF/ME with or without BECC for 
cytokine production. In HFD and LFD mouse lungs, we found 
that antigenic stimulation with PcrV or PopB was necessary to 
elicit detectable levels of IFN-γ and IL-17A (Fig. 2). In contrast, 
for RC mice, baseline (unstimulated) levels of these cytokines 
were only elevated after BECC was incorporated into the formu
lation (Fig. 2A, B, G, H, M, N). We observed similar trends for IL-2 
and IL-22 (Fig. 2C, D, I, J, O, P); however, all dietary groups 
exhibited elevated IL-6 baseline levels (Fig. 2E, K, Q). TNF-α lev
els were comparable between LFD and RC mice but were nota
bly lower in HFD mice (Fig. 2F, L, R). Thus, L-PaF/ME/BECC 
effectively activates immune cells to promote cytokine produc
tion, noting that dietary variations influence the baseline and 
antigen-stimulated responses.

Protective efficacy of L-PaF/ME/BECC in vitro 
and in vivo
We evaluated the protective efficacy of L-PaF formulations 
in vitro through OPK of Pa by serum immunoglobulins. In HFD 
mice, we observed significantly enhanced OPK activity in the 
L-PaF 5/ME/BECC 1 group, while formulations lacking BECC or 
containing lower concentrations of L-PaF failed to elicit signifi
cant OPK activity (Fig. 3A). L-PaF 5/ME/BECC 0.5 and L-PaF 
1/ME/BECC 1 exhibited moderate levels of killing compared to 
controls. In LFD mice, sera from both L-PaF 5/ME/BECC 0.5 and 
L-PaF 5/ME/BECC 1 had significantly higher OPK activity 
(Fig. 3B). Similarly, we found that OPK activity was significantly 
higher in RC mice immunized with L-PaF 5/ME/BECC 0.5, L-PaF 
1/ME/BECC 1, and L-PaF 5/ME/BECC 1 (Fig. 3C). These findings 
suggest that L-PaF 5/ME/BECC 1 is the most effective formula
tion for HFD and LFD mice, while L-PaF 5/ME/BECC 0.5 appears 
optimal for RC mice. However, to maintain consistency in subse
quent in vivo protection studies, we selected L-PaF 5/ME/BECC 1 
as the L-PaF formulation across all cohorts.

Consistent with our previous studies demonstrating a correla
tion between in vitro OPK activity and in vivo bacterial lung bur
den,22,23,25 immunization of all 3 dietary groups with the L-PaF 
formulation resulted in a significant reduction in lung bacterial 
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Figure 1 Kinetics of serum IgG and IgA. HFD, LFD, and RC mice were vaccinated on days 0, 14, and 28. Serum samples collected over time were 
analyzed for anti-PcrV and anti-PopB immunoglobulins over the course of immunization. Anti-PcrV IgG (A–C) and IgA (G–I), along with anti-PopB IgG 
(D–F) and IgA (J–L), are shown for HFD, LFD, and RC mice. Each data point represents pooled serum from 10 mice per group (n = 10), and titers are 
expressed as EU/mL. Statistical analyses were performed using a 2-way ANOVA (Dunnett test) with all the P values presented in Table S1.
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Figure 2 Lung-derived cytokine responses following immunization with L-PaF/ME with or without BECC across different dietary groups. Lung single- 
cell suspensions from immunized mice of HFD (A–F), LFD (G–L), and RC (M–R) were either stimulated ex vivo with PcrV or PopB, or left unstimulated 
(Un), and supernatants were analyzed for IFN-γ, IL-17A, IL-2, IL-22, IL-6, and TNF-α after 48 hours. Each dot represents actual values and error bars 
show SD (n = 5/group). Statistical comparisons were performed using 2-way ANOVA following Tukey test. All P values are presented in Table S2 rather 
than in this figure for visual clarity (*P< 0.05, **P< 0.01).
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burden compared to PBS-immunized mice (Fig. 3D–F). Additionally, 
immunization with the L-PaF formulation significantly upregulated 
antigen-specific IgG titers, including IgG1 and IgG3 subtypes, against 
both PcrV and PopB relative to PBS immunization. While a signifi
cant increase in antigen-specific IgA was detected in the L-PaF for
mulation–immunized groups compared to PBS immunized, IgA 

titers in the HFD group were notably lower than those in LFD and 
RC mice (Fig. S1A–C).

To further understand the postchallenge immune environ
ment and the nature of the inflammatory response, we analyzed 
lung cell supernatants for TNF-α, IL-6, IL-1β, and IL-15. This 
analysis revealed a pronounced proinflammatory cytokine 

Figure 3. In vitro and in vivo protection conferred by L-PaF/ME/BECC immunization across dietary groups based on opsonophagocytic killing (OPK). 
OPK of strain mPa08-31 by J774.1 macrophages was evaluated using heat-inactivated serum collected on day 42 postimmunization from HFD 
(A), LFD (B), and RC (C) mice immunized with the different L-PaF/ME/BECC formulations. Data points represent technical replicates from pooled 
serum samples, with error bars indicating SD. Statistical analysis was performed using Kruskal–Wallis test followed by Dunn multiple comparisons. In 
vivo protective efficacy was assessed by quantifying bacterial burden (CFU/lung) in HFD, LFD, and RC mice (D–F) 16–18 hours postchallenge. Each 
data point represents an individual mouse (n = 5), and error bars represent SD. Statistical significance between PBS and immunized groups was 
determined using the Mann–Whitney U test (*P< 0.05, **P< 0.01, ***P< 0.001).
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response for HFD (Fig. S2A–D) and RC (Fig. S2I–L) mice immu
nized with the L-PaF formulation. Conversely, in LFD mice 
(Fig. S2E–H), immunization with the L-PaF formulation resulted 
in significantly attenuated levels of TNF-α and IL-1β compared 
to PBS controls. Collectively, these findings suggest that higher 
concentrations of both L-PaF and BECC are necessary to achieve 
optimal protection in HFD and LFD mice compared to RC mice.

Heterogeneous activation and functional 
competence of lung antigen-presenting cells in  
response to immunization with L-PaF formulation
A single-cell study from our laboratory has demonstrated that 
antigen-presenting cells (APCs), that is, cDC2s and macro
phages, are activated via the upregulation of CD86 and CD40 
(manuscript under review). Given that these APCs serve as the 
primary sentinels for antigen uptake and the initiation of host 
immune responses against pathogens, we quantified their fre
quencies and activation status within the lung. To determine if 
vaccination could overcome obesity-associated innate immune 
defects, we characterized the activation state of lung APCs in 
HFD and LFD mice. RC mice were used solely to establish a base
line for comparison with previous studies and were not included 
in further comparative analyses. In both HFD and LFD mice, we 
observed a significant increase in the frequency of activated 
CD40+CD86+ cDC2s in the lungs of L-PaF formulation–immunized 
mice compared to PBS-immunized mice (Fig. 4A, B). Similarly, 
analysis of macrophage populations revealed a higher frequency 
of activated macrophages in L-PaF formulation–immunized 
mice relative to PBS-immunized mice, albeit not statistically sig
nificant (Fig. 4C, D), again with the magnitude being greater in 
LFD mice. These findings suggest that the L-PaF formulation ef
fectively stimulates APCs, which are critical for initiating host de
fense mechanisms against Pa, to differing degrees in both 
populations.

Because IL-12p70 is a key cytokine secreted by activated 
APCs,32,33 we next chose to assess lung APC functionality by ex
amining the IL-12p70 relationship with activated cDC2s and 
macrophages. We found the upregulation of APCs to correlate 
with IL-12p70 levels from PcrV-stimulated lung (Fig. S3A). This 
suggests that the vaccine promotes a functional APC phenotype 
associated with the production of Th1-polarizing cytokines, con
sistent with the established role of activated APCs in driving 
type 1 cellular immunity.34,35 Meanwhile, macrophage activation 
strongly correlated with IL-12p70 levels in LFD mice immunized 
with L-PaF formulation; however, no such correlation was ob
served in the HFD mice.

To specifically address macrophage contributions, we charac
terized AMs, a category of lung macrophages known for their 
role in antigen presentation and for orchestrating local immune 
responses through MHC class II (MHCII) expression.36,37 We iso
lated lung AMs 56 days post–initial immunization and analyzed 
them for MHCII expression. We observed no significant differen
ces between the PBS and L-PaF vaccinated groups for MHCII+ 

AMs in HFD (Fig. 4E). In LFD mice immunized with the L-PaF for
mulation, the expression of MHCII on AMs was elevated com
pared to PBS controls, meeting a 90% confidence threshold 
(P = 0.0952) although not reaching the standard 95% significance 
level (Fig. 4F). Interestingly, the overall abundance of MHCII+ 

AMs was higher in the HFD cohort compared to their LFD 

counterparts. Collectively, these data suggest that an HFD may 
differentially impact the activation and antigen-presenting ca
pacity of lung macrophages, potentially influencing the overall 
cytokine environment and downstream immune responses.

Impaired GC formation is due to aberrant TFH/TFR 
cells in obese mice
To understand the inconsistent IgA titers in HFD mice, we fo
cused on GC formation and characterized the GC B cells and 
TFH cells, key drivers of humoral immunity. We collected 
spleens from the immunized HFD and LFD cohorts 9 days after 
the final immunization. Regardless of immunization with the 
L-PaF formulation or PBS, the frequency of GC B cells was signif
icantly lower in HFD mice compared to LFD mice (Fig. 5A). 
Furthermore, immunization with L-PaF formulation failed to in
duce an increase in GC B-cell frequency in HFD mice, whereas 
robust upregulation was evident in LFD mice. Similarly, plasma 
cell (PC) responses were impaired in HFD mice with no signifi
cant difference being observed between L-PaF formulation– and 
PBS-immunized groups (Fig. 5B). In contrast, LFD mice showed a 
substantial overall increase in PCs following immunization with 
L-PaF formulation with a P = 0.07. With respect to TFH cells, we 
observed no increase in the frequency of TFH cells following im
munization with L-PaF formulation in HFD mice, whereas a sig
nificant upregulation was observed in LFD mice (Fig. 5C). These 
findings suggest that the lower antibody responses in HFD mice 
may be attributed to defective GC B, PC, and TFH cell 
development.

Because TFR cells are key players in shaping GCs, we analyzed 
their frequency and found a decrease in TFR cells in HFD mice 
compared to LFD mice immunized with the L-PaF formulation 
(Fig. 5D). This may indicate a dysregulated GC microenviron
ment during obesity. Furthermore, we analyzed the expression 
of both PD-1 and CXCR5 on TFH as well as TFR cells, because 
these markers are crucial for their localization within the GC and 
for regulating interactions with GC B cells.38 Notably, we ob
served lower CXCR5-expressing CD4+Bcl6+ and CD4+Bcl6+Foxp3+ 

cells in HFD mice compared to LFD mice immunized with the 
L-PaF formulation (Fig. S4C). Conversely, PD-1 expression 
remained consistently high on CD4+Bcl6+ and CD4+Bcl6+Foxp3+ 

cells in HFD mice, but we observed it was significantly downre
gulated in LFD mice after immunization with the L-PaF formula
tion (Fig. 5E, F). Therefore, persistent PD-1 expression may 
interfere with CXCR5 upregulation, thereby impairing B-cell–T- 
cell interactions within GCs and contributing to the suboptimal 
humoral response observed in obese mice.

Differential Trm induction in the lung following L-PaF 
formulation immunization in LFD and HFD mice
To assess whether immunization with the L-PaF formulation 
promotes the establishment of resident memory cells in pulmo
nary tissue, we harvested lungs from HFD and LFD mice 56 days 
post–first immunization. Analysis of lung-resident Brm cells 
revealed no statistically significant difference in Brm numbers 
between the vaccinated and PBS-treated groups in either HFD 
(Fig. 6A) or LFD mice (Fig. 6B). Given the established role of Brm 
cells in mediating rapid in situ antibody production, we assessed 
IgG levels in lung supernatants. While LFD mice exhibited a sig
nificant increase in IgG titers, no such increase was observed in 
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Figure 4. Activation and characterization of lung antigen-presenting cells following L-PaF/ME/BECC immunization in HFD and LFD mice. Flow 
cytometry was performed on lung single-cell suspensions collected 2 days post–final immunization to assess the frequency and activation of cDC2s 
(A, B) and activated macrophages (C, D) in both HFD and LFD mice compared to controls. Alveolar macrophages (AMs) were analyzed for MHCII 
expression 56 days post–initial immunization in HFD (E) and LFD (F) mice. Each data point represents an individual mouse (n = 5), and error bars 
represent SD. Statistical significance between PBS and immunized groups was determined using the Mann–Whitney U test (*P< 0.05). All dot plots 
are presented in Fig. S5.
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HFD mice (Fig. S5A, top panel, left). To investigate this discrep
ancy, expression of PDL2 and CD80 on Brm cells was examined 
because these markers are associated with the rapid differentia
tion of antibody-secreting cells upon antigen reexposure.39

Consistent with the elevated IgG levels, LFD mice showed a sig
nificant upregulation of PDL2+CD80+ Brm cells, a response that 

was absent in HFD mice (Fig. S5A, top panel, middle and right). 
Despite the observed disparities in Brm responses, a significant 
increase in lung-resident Trm cells was detected in both HFD 
and LFD mice (Fig. 6C, D).

The pivotal role of IL-2 in Trm formation and maintenance 
has been demonstrated by others.40,41 To assess IL-2 production 

Figure 5. Obesity impairs vaccine-induced germinal center (GC) and T-cell response. Flow cytometric analysis was performed on spleen single-cell 
suspensions collected 9 days post–final immunization. Frequency of GC B cells (A), plasma cells (B), TFH cells (C), and TFR cells (D) in the spleen LFD 
and HFD mice. PD-1 expressing CD4+Bcl6+ (E) and CD4+Bcl6+Foxp3+ (F) across the experimental groups. Each data point represents an individual 
mouse (n = 4 or 5). Error bars represent SD. Statistical comparisons were performed using 2-way ANOVA following uncorrected Fisher least significant 
difference test (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001). All of the dot plots are presented in Fig. S4.
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here, lung cells were stimulated with either PcrV or PopB. Both 
antigens significantly upregulated IL-2 production in lung cells 
derived from HFD and LFD mice immunized with L-PaF formula
tion (Fig. S5A, second row of panels). Nevertheless, correlation 
analyses revealed that PcrV-stimulated IL-2 production was pos
itively correlated with lung Trm cells in both HFD and LFD mice, 
while only PopB-stimulated IL-2 production correlated positively 
with lung Trm cells in LFD mice and not in HFD mice (Fig. S5A, 
third row of panels).

Early secondary protection against Pa is maintained 
in the absence of circulating T-cell recruitment 
following L-PaF/ME/BECC immunization
To assess whether it is lung Trm cells or circulating T cells that 
play a predominant role in preventing Pa colonization, we used 
FTY720 to block T-cell egress from secondary lymphoid 
organs,42,43 thereby isolating the role of lung-resident T-cell pop
ulations. Analysis of pulmonary CD3+CD4+ T-cell populations was 

performed to evaluate the efficacy of FTY720 in restricting the mi
gration of circulating T cells (Fig. S6A). In the absence of FTY720, 
no significant differences were observed between PBS- and L-PaF 
formulation–immunized groups in HFD mice (Fig. 7A), whereas 
L-PaF formulation–immunized LFD mice exhibited a significant in
crease in pulmonary CD3+CD4+ T-cell infiltration compared to 
PBS immunized (Fig. 7B). Upon FTY720 treatment, L-PaF formula
tion–immunized mice from both diet groups maintained signifi
cantly higher CD3+CD4+ T-cell numbers in the lung relative to 
their PBS-immunized control. Additionally, FTY720 markedly 
reduced CD3+CD4+ T-cell counts in the PBS-immunized group, 
confirming its role in limiting circulating T-cell migration. These 
findings suggest that immunization with the L-PaF formulation 
promotes the accumulation of lung-resident CD3+CD4+ T cells in
dependent of circulating T-cell input.

To distinguish between naïve and effector/memory subsets, 
we analyzed CD44 and CD62L44 expression of the pulmonary 
CD3+CD4+ T cells (Fig. S6B). In the absence of FTY720, we ob
served a higher frequency of CD44lowCD62Lhigh circulating naïve 

Figure 6. Induction of lung-resident memory T cells (Trms) and B cells (Brms) following L-PaF/ME/BECC immunization in HFD and LFD mice. Lung 
tissues were harvested 56 days post–initial immunization to assess the presence of tissue-resident memory cells using flow cytometry. Brm and Trm 
populations in both HFD (A, C) and LFD (B, D) mice prior to infection. Each data point (A–D) represents an individual mouse (n = 5) and error bars 
represent SD. Statistical significance between PBS and immunized groups was determined using the Mann–Whitney U test (**P< 0.01). All the flow 
cytometry dot plots are presented in Fig. S5B and C.
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Figure 7. FTY720 treatment distinguishes circulating from lung-resident CD4+ T-cell populations following L-PaF/ME/BECC immunization. Lung 
tissues were harvested 56 days post–initial immunization following Pseudomonas aeruginosa (Pa) infection to assess the presence of tissue-resident 
memory cells through flow cytometric analysis without or with FTY720 treatment. (A, B) CD3+CD4+ T cells in HFD and LFD mice without or with FTY720 
treatment. (C, D) Frequency of CD44lowCD62Lhigh naïve CD4+ T cells in the lungs of PBS- and L-PaF/ME/BECC-immunized mice, without or with FTY720. 
(E, F) Frequency of CD44highCD62Llow effector/memory CD4+ T cells in immunized vs control groups under FTY720 treatment. (G, H) Frequency of 

ðContinuedÞ
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T cells in PBS-immunized animals compared to those immu
nized with the L-PaF formulation, while no significant differen
ces were seen in LFD mice (Fig. 7C, D). FTY720 effectively 
blocked the recruitment of circulating naïve T cells to the lung 
in both dietary groups. Conversely, L-PaF formulation–immu
nized mice from both cohorts exhibited a significantly higher fre
quency of CD44highCD62Llow effector/memory T cells compared 
to PBS-immunized mice, regardless of FTY720 treatment 
(Fig. 7E, F), suggesting that immunization with L-PaF formula
tion supports the development of lung-resident memory popu
lations. To evaluate the tissue residency and persistence of 
pulmonary memory T cells, we then assessed the expression of 
CD69 and CD103 within the CD44highCD62Llow effector/memory 
population. Mice immunized with the L-PaF formulation, regard
less of diet or FTY720 treatment, showed significantly elevated 
frequencies of CD44+CD62L−CD69+CD103+ Trm cells relative to 
PBS-immunized mice (Fig. 7G, H).

Following Pa challenge, both HFD and LFD mice immunized 
with the L-PaF formulation displayed significantly reduced pul
monary bacterial burdens relative to PBS-immunized mice, re
gardless of FTY720 treatment (Fig. 7I, J). Thus, protection during 
this early (18-hour) secondary challenge was maintained despite 
blockade of circulating T-cell recruitment. This protective effect 
was consistent with the significant negative correlation observed 
between lung Trm frequency and pulmonary Pa burden in both 
the HFD and LFD cohorts (Fig. S6C), supporting an association be
tween lung-resident memory T-cell abundance and early bacterial 
control. Collectively, these data indicate that circulating memory 
T cells are not required for early secondary protection in this 
model and are consistent with a dominant contribution of lung- 
resident immune mechanisms during this time frame.

Discussion
Given growing concerns about reduced vaccine efficacy in obese 
populations, particularly due to impaired immunoglobulin pro
duction, we investigated aspects of the immune system contrib
uting to protection by vaccination in this group. Here we 
assessed our L-PaF vaccine o/w nanoemulsion formulation (± 
BECC438b) for efficacy in a DIO mouse model to determine how 
metabolic status influences immune response magnitude and 
quality in response to this L-PaF formulation. Ultimately, we 
wanted to determine whether nonhumoral immune components 
could compensate for impaired antibody production and confer 
protection in a metabolically compromised host. For comparative 
purposes, we included a low-fat diet (LFD) nutrient-matched co
hort, and a group fed regular chow (RC). The RC was not nutrient- 
matched, but it was necessary to recapitulate prior work con
ducted on L-PaF efficacy in our laboratory.

The high-fat diet (HFD), LFD, and RC groups all displayed ro
bust humoral and cellular immune responses. The HFD cohort, 
however, had both IgG and IgA titers that started to wane in the 

28 days following the third and final vaccination. We also found 
that the functional quality of the antibody response in L-PaF/ 
ME/BECC-immunized mice was significantly impaired in HFD-fed 
mice. Most notably, these mice exhibited lower titers for IgA, an 
antibody isotype implicated in mucosal defense against Pa. This 
finding is consistent with previous studies reporting obesity to 
impair mucosal immunity, likely through altered B-cell function 
and reduced isotype switching to IgA.18,20,45 In addition to IgA, 
we observed reduced titers of IgG subclasses, IgG1 and IgG3, in 
HFD mice compared to their LFD and RC counterparts. This sug
gests a broader defect in class-switched antibody production. 
The transient rise in antibody titers that does occur in HFD mice 
may be attributed to an extrafollicular response rather than a 
GC-derived response, which might be due to increased fre
quency of plasmablasts and the corresponding lack of GC B-cell 
expansion in these mice.46,47

The lower IgA response observed in HFD-fed mice appears to 
be closely linked to impaired GC formation. We detected a sig
nificant reduction in both GC B cells and TFH cells in these mice, 
highlighting a disruption in key cellular interactions required for 
effective isotype switching and affinity maturation. Given the 
central role of GCs in generating high-affinity antibodies,48,49

this deficiency suggests that obesity-associated metabolic dys
function negatively impacts the formation and function of these 
critical immune structures. In contrast, LFD-fed mice not only 
preserved GC architecture but also demonstrated enhanced fre
quencies of GC B cells and TFH cells. In support of this observa
tion, we found that the expression of CXCR5 on CD4+Bcl6+ and 
CD4+Bcl6+Foxp3+ T cells, key markers guiding TFH/TFR migra
tion to B-cell follicles, was markedly reduced in the HFD mice 
compared to their LFD counterparts. This reduction was paral
leled by a failure to downregulate PD-1 upon immunization of 
HFD mice, a process that did occur in LFD mice. These findings 
align with previous studies indicating that PD-1 downregulation 
is critical for the upregulation of CXCR5, thereby facilitating TFH 
cell migration toward the B-cell zone and promoting optimal GC 
responses.50,51 Although the precise mechanisms underlying 
this dysregulation remain unclear, our results point toward dis
rupted PD-1/CXCR5 signaling as a potential contributor to the 
impaired humoral response observed in obese mice. Further in
vestigation is warranted to delineate the molecular pathways 
affected by metabolic dysfunction and to identify potential ther
apeutic targets that may restore effective GC responses in this 
vulnerable population.

The HFD mice also exhibited a decreased Brm response in the 
lungs, in contrast to the LFD mice, which maintained a robust 
population of lung Brm cells. Notably, immunized HFD mice 
showed no significant increase in Brm frequency, whereas a 
clear expansion was observed in their LFD counterparts. Given 
the importance of mucosal antibody responses in clearing 
pathogens such as Pa, and the critical role Brm cells play in this 
process, the reduced Brm response in HFD mice likely contrib
utes to their impaired humoral immunity. This is supported by 

Figure 7. Continued 
CD69+CD103+ tissue-resident memory (Trm) CD4+ T cells within the CD44highCD62Llow subset in immunized and PBS-treated mice across both diet 
cohorts. (I, J) Lung burdens following Pa challenge in immunized and control mice without or with FTY720 treatment. Each data point represents an 
individual mouse (n = 4 or 5). Error bars represent SD. Statistical comparisons were performed using 2-way ANOVA following uncorrected Fisher least 
significant difference test (*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001). All of the dot plots are in Fig. S6B and C.

The Journal of Immunology, 2026, Vol. 215, No. 3 13 

https://academic.oup.com/jimmunolarticle-lookup/doi/10.1093/jimmun/vkag052#supplementary-data
https://academic.oup.com/jimmunolarticle-lookup/doi/10.1093/jimmun/vkag052#supplementary-data


the significantly lower IgG titers observed in the lung superna
tants of HFD mice. Further analysis revealed reduced expression 
of CD80 and PDL2 on Brm cells from HFD mice compared to 
their LFD counterparts. Since both markers are associated with 
rapid differentiation of antibody-producing cells,39 their de
creased expression may underline the functional impairment of 
Brm cells in the HFD condition.

Interestingly, despite the impaired humoral responses ob
served in HFD-fed mice, we detected a notable expansion of 
lung tissue-resident memory T (Trm) cells following immuniza
tion with the L-PaF formulation. These cells are known to pro
vide rapid, localized protection against respiratory pathogens 
and to contribute to early extra lymphoid recall responses.52–54

Their presence across all immunized groups, and particularly 
their relative enrichment in HFD mice, suggests that Trm cells 
may partially compensate for deficient humoral immunity and 
contribute to the protection observed against Pa colonization in 
L-PaF–vaccinated mice. Importantly, our FTY720 studies demon
strate that early (18-hour) secondary protection is maintained in 
the absence of circulating T-cell recruitment, indicating that cir
culating memory T cells are not required during this early phase 
of the recall response. This finding highlights the critical role of 
localized immunity in controlling pulmonary infection and 
underscores the potential of Trm cells as a key effector arm of 
vaccine-induced protection, particularly in metabolically com
promised hosts. Taken together, these results emphasize the im
portance of generating and sustaining lung Trm populations as 
a strategic feature of effective mucosal vaccines.

Our findings carry significant implications for vaccine devel
opment in metabolically compromised populations. As global 
obesity rates continue to rise, it becomes increasingly important 
to understand how excess adiposity and associated metabolic 
dysfunction impact vaccine performance. The impaired GC 
responses and disrupted mucosal immunity we observed in 
obese mice suggest that similar immune deficits may contribute 
to suboptimal vaccine efficacy in obese humans, particularly 
against pathogens like Pa that require strong mucosal immune 
defenses. On the other hand, the induction of lung Trm cells 
across dietary groups, especially in HFD-fed mice, highlights a 
promising avenue for overcoming impaired humoral responses 
for properly formulated vaccines. These findings suggest that 
optimizing vaccines to enhance tissue-localized T-cell responses 
could be particularly beneficial in individuals with metabolic 
dysfunction. Strategies such as the use of mucosal adjuvants or 
delivery platforms tailored to promote Trm cell formation may 
offer improved protection in this and perhaps other vulnerable 
populations. Although further studies are warranted to fully elu
cidate the role of lung Trm cells in the clearance of Pa in the ab
sence of a robust Brm response and the establishment of long- 
term protection, identifying the molecular signals that drive 
their generation, maintenance, and functional activation during 
infection will be essential for guiding the development of next- 
generation mucosal vaccines.
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