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ABSTRACT
Introduction  Community-acquired pneumonia has high 
mortality and is associated with significant healthcare 
costs. In older adults with community-acquired 
pneumonia neutrophil dysfunction has been identified 
and is associated with poor outcomes for patients. 
Immunometabolism is a rapidly developing field which 
links immune cell function to metabolism. This study aims 
to explore neutrophil metabolism in community-acquired 
pneumonia.
Methods and analysis  Pneumonia Metabolism in Ageing 
study is a prospective observational study recruiting older 
adults hospitalised with community-acquired pneumonia to 
examine neutrophil function and metabolic status. Controls 
will be older adults with no acute illness. The primary 
endpoint is neutrophil chemotaxis.
Ethics and dissemination  The study has ethical approval 
from the Research Ethics Committee Wales, reference 
19/WA/0299. This study involves participants who may 
lack the capacity to consent to research involvement, 
in this situation, personal or professional assent will be 
sought. The results from this study will be submitted for 
publication in peer-reviewed journals and disseminated at 
local and international conferences.

INTRODUCTION
Community-acquired pneumonia (CAP) is a 
leading cause of hospitalisation and has high 
mortality in older adults.1 Mortality is greatest 
in those with sepsis due to CAP (CAP+S), with 
survivors experiencing increased mortality for 
a decade following discharge from hospital.2 
The long-term burden of CAP includes 
cognitive dysfunction, reduced mobility and 
increased care needs. Readmission following 
hospitalisation for CAP is common, occurring 
in 11% of older adults.3

CAP occurs most commonly in adults aged 
over 65 years, and older adults are more likely 
to experience severe CAP and CAP+S.4 As the 
global population is ageing the prevalence of 
CAP is likely to rise.5

Between 22% and 42% of all CAP episodes 
require hospitalisation,6 and this places a 
significant burden on health services. In 
2019, hospital treatment for CAP cost the 
National Health Service £731 million, with 
costs significantly higher for the treatment of 
older adults.7

There have been no significant advances in 
the management of CAP since the advent of 
antibiotic therapy.

Recovery from CAP requires a functional 
and coordinated immune response. In CAP, 
neutrophils are the predominant responding 
immune cell to infection and the resulting 
tissue damage. Neutrophils migrate to sites 
of inflammation and clear infection through 
bactericidal effector functions including 
phagocytosis and the generation of neutrophil 
extracellular traps and reactive oxygen species 
(RoS).8 These functions can be encompassed 
by cellular phenotype; the manifestation of 
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cellular processes at gene and protein levels which result 
in changes in a cell’s function, morphology and surface 
markers.9

In young adults, CAP is associated with a rapid upreg-
ulation of effector functions until the infection is 
resolved.10 11 However, even in health neutrophil func-
tions in older adults appear depressed,12 this is particu-
larly true in frail older adults13 and data suggest that CAP 
exacerbates this, with further reductions in neutrophil 
functions leading to a state of immunoparesis which has 
been demonstrated for up to 6 weeks following CAP.12 14–16 
Differences in neutrophil cellular phenotype have been 
identified in sepsis17 and disease states such as chronic 
obstructive pulmonary disease,18 however, there is no 
literature examining changes in surface marker expres-
sion combined with functional assessment in CAP.

This broad impact on effector function suggests that a 
central cellular mechanism is involved, such as metabo-
lism. Immunometabolism is defined as the role of cellular 
metabolism in the regulation of immune function19 and 
there is increasing interest in exploring if therapeutically 
targeting immunometabolism may optimise immune 
responses. For example, inhibiting glycolysis in myeloid 
cells using murine models is associated with an improved 
recovery from sepsis.20

Neutrophil metabolism is poorly understood, espe-
cially in disease states but neutrophils appear to rely on 
glycolysis for energy generation.21 The effector functions 
required for a coordinated and effective response to 
infection are highly energy-demanding processes. Modi-
fication of glycolysis in neutrophils may offer a novel 
therapeutic strategy for CAP. Potential targets include 
glucose transporters, key enzymes required for glycolysis 
(hexokinase, phosphofructokinase, pyruvate kinase and 
lactate dehydrogenase) and lactate transporters/recep-
tors. Evidence to date confirms alterations in these key 
enzymes during sepsis.22

This manuscript describes a protocol for the assessment 
of neutrophil function, phenotype and immunometab-
olism in older adults with CAP, compared with an age, 
frailty and morbidity-matched cohort in the Pneumonia 
Metabolism in Ageing (PUMA) study.

STUDY AIMS
Research hypothesis and aims
We hypothesise that depressed neutrophil function seen 
in older adults with CAP is due to alterations in neutro-
phil immunometabolism, and that this alteration is modi-
fiable in vitro by modulating glycolysis.

This study aims to functionally phenotype neutrophils 
from participants with CAP alongside age and frailty-
matched cohort while characterising the metabolism of 
these cells. Figure  1 provides an overview of the study 
design and outcomes collected. Primary and secondary 
aims are outlined in table 1.

METHODS
Study design
PUMA is an observational cohort study recruiting 
adult participants with CAP as defined by the British 
Thoracic Society.23 This includes symptoms and 
signs consistent with an acute lower respiratory tract 
infection associated with radiographic shadowing 
for which there is no other explanation. Signs and 
symptoms include three or more of the following: 
cough, sputum production, breathlessness, pleuritic 
chest pain, haemoptysis, fever, headache and signs 
consistent with pneumonia on chest auscultation. 
Participants with and without sepsis will be recruited. 
Sepsis is defined as a quick Sequential Organ Failure 
Assessment score score ≥2.24

The control cohort will be matched as much as possible 
for age and frailty with no recent acute illness. Matching 
for frailty will be achieved using clinical frailty scale. 
Participants will be recruited between March 2020 and 
November 2024; however, there have been significant 
periods of disruption relating to the pandemic and other 
factors. Recruitment is ongoing.

Full inclusion and exclusion criteria for each cohort 
are in table 2. We have chosen to exclude patients with 
common conditions or medications known to signifi-
cantly impact neutrophil function and or metabolism 
such as chronic obstructive pulmonary disease and 
haematological malignancy.25 26

The study will be conducted in a single site, at the 
Queen Elizabeth Hospital, Birmingham, UK (QEHB). 
The QEHB is a 1200-bed tertiary and acute hospital in 
an urban area.

Sampling and sample size calculation
CAP cases will be recruited from inpatient wards at QEHB 
and are expected to remain admitted for ≥24 hours. 
Controls will be recruited from a range of outpatient 
clinics at QEHB to enable matching of age, frailty and 
comorbidity where possible.

The primary outcome measure for sample size 
calculation is based on a reduction in chemotaxis 
in patients with CAP compared with age-matched 
controls. Pilot data indicate a 62% reduction in 
chemotaxis in CAP cases with SD 0.079 for CAP 
and 0.135 for controls. To detect a difference in 
chemotaxis with p<0.005 and 95% power, we will 
need to recruit eight CAP and eight controls. In the 
completed SNOOPI study, a 30-day mortality was 
16%, and study withdrawal was 6%.11 We estimate we 
need to recruit two CAP participants to account for 
drop-outs. Total sample size: 10 CAP and 8 controls. 
This limited sample size is not anticipated to inform 
relationships between clinical outcomes and neutro-
phil function but is powered to detect a biological 
endpoint (difference in neutrophil chemotaxis 
between CAP and controls).
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Study visit procedure
Participant identification, consent and follow-up
Where possible CAP participants will be recruited within 
36 hours of hospital admission, then follow-up visits 
between day three and five (if remaining an inpatient) 

and then 6–8 weeks following admission, where possible 
the 6–8 weeks visit will be timed to coincide with follow-up 
chest radiograph when requested by the clinical team. 
Drop-outs to follow-up are expected due to death, 
discharge prior to days 3–5, withdrawal and unwillingness 
to return to hospital for 6–8 weeks visit. Study procedures 
are shown in figure 2. CAP frequently causes delirium, 
and dementia is a common comorbidity of older adults 
with CAP, therefore, CAP participants who lack the ability 
to consent to enrolment are not excluded. In the case 
of impaired capacity to consent to study enrolment a 
personal consultee opinion will be sought in the first 
instance, if no personal consultee is available an inde-
pendent professional consultee’s opinion will be sought. 
Retrospective consent will be sought in these cases.

Control participants will be recruited at a single time 
point only.

Data collection
At each study visit participants will undergo a detailed 
clinical history to ascertain factors which may influence 

Figure 1  Schematic overview of study design and outcomes. (A) Older adults with and without community-acquired 
pneumonia (CAP) will be recruited, (B) we will collect a detailed medical history, record complications and outcomes of CAP, 
participants will donate whole blood used to isolate neutrophils. Isolated neutrophils will be functionally assessed (oxidative 
burst and migration), phenotype as assessed by cell surface markers and metabolic status will be measured. (C) Changes 
seen in function and metabolism will be assessed at RNA and protein levels. For CAP participants, further visits will be 
repeated at days 3–5 and day 42 following admission. Created with BioRender.com

Table 1  Primary and secondary aims of the PUMA study

Primary 
aims:

Sequentially assess community-acquired 
pneumonia-related change in neutrophil 
phenotype
Characterise neutrophil metabolism in cases 
and controls

Secondary 
aims:

Migration
Oxidative burst
Phenotype as defined by cell surface markers
Transcriptomics
Determine if neutrophil function can be 
prevented or restored by modulating neutrophil 
metabolism using targets involved in glycolysis

PUMA, Pneumonia Metabolism in Ageing.
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neutrophil function, and outcome of CAP, as described 
in figure  3. We will also record information related to 
the hospital admission such as treatment strategies that 

may influence outcomes. Traditionally studies of CAP 
have considered binary outcomes such as survived/died, 
however, our public and patient involvement and engage-
ment work demonstrated that a more nuanced approach 
was preferred. Therefore, we will collect information on 
postdischarge mobility, care needs and readmissions to 
hospital. Due to the limited size of the planned study, the 
comparisons using this data are intended to be explor-
atory and ensure the CAP and control cohorts are well 
matched.

Blood sampling
For CAP participants, blood samples for research will 
be taken alongside clinically indicated blood samples to 
reduce number of venepuncture episodes for both CAP 
and control participants. Maximum of 45 mL blood will 
be taken at each study visit for research purposes.

Biological samples
Blood samples will predominantly be used in neutrophil 
isolation, processing and downstream use is described in 
table 3.

Neutrophil isolation and functional assays
Isolated neutrophils will be prepared by discontinuous 
Percoll density centrifugation.18 Briefly, whole blood 
is gently mixed with 2% dextran in 6:1 ratio to enable 
sedimentation of red blood cells. Discontinuous Percoll 
solutions are prepared by diluting in either 1.54M NaCl 
or 0.154M NaCl to generate 90% and 56% solutions, 
respectively. The buffy coat is then layered over the 
discontinuous Percoll solution. The gradient is centri-
fuged at 470 g for 20 min at room temperature with no 
break or acceleration. The neutrophil layer is harvested 
and washed in phosphate buffered saline (PBS) to form 
a pellet. The neutrophils are resuspended in RPMI 1640 
for downstream use. Neutrophils are typically >97% pure 
and >95% viable as assessed annexin/propidium iodide 
staining. Due to limitations in cell number, not all experi-
mental assays will be carried out for each participant.

Neutrophil chemotaxis is assessed to a chemoattrac-
tant (interlukin-8) using a modified Insall chamber as 
described in.26 Use of the Insall chamber with time lapse 
filming using video microscopy allows for quantification 
of speed and directionality of individual neutrophils. To 
analyse the time lapse filming 10 neutrophils are selected 
at random and their movement tracked using FIJI Image 
J. These tracking data are then used to calculate speed, 
velocity, persistence and overall accuracy. Neutrophils 
migrate using proteinases to navigate extracellular 
matrices; therefore, speed and accuracy are important in 
assessing migratory parameters.26

Neutrophil lysates are prepared for RNA extraction and 
protein lysate for Western blotting and stored at −80°C. 
RNA will be used in RNA sequencing, targets identified 

Table 2  Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

CAP cohort

Community-acquired 
pneumonia±sepsis 
admitted to hospital
Age ≥65 years

Asthma
Chronic obstructive pulmonary 
disease
Metastatic malignancy
Haematological malignancy
Participants already enrolled in a 
study of novel/unlicensed treatment
Immunosuppressive treatment in 
the preceding 12 weeks
Known immunodeficiency syndrome
Treatment withdrawal imminent
Current infection with COVID-19

Control cohort

Age ≥65 years As above plus:
Acute illness in preceding 12 weeks
Unable to give informed consent to 
enrolment

CAP, community-acquired pneumonia.

Figure 2  Study procedures for CAP participants. CAP 
participants will be recruited for baseline visit within 24 
hours of admission, at this visit research blood samples will 
be taken alongside clinical bloods and demographic data 
collected. If remaining an in-patient at 3–5 days a further 
research blood sample will be collected. A visit at 6–8 
weeks following admission will be arranged to coincide with 
follow-up imaging if requested by clinical team. Created 
with BioRender.com. CAP, community-acquired pneumonia.
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involved in metabolism will be confirmed at the protein 
level.

Neutrophil oxidative burst is assessed using the 
Seahorse Analyzer (Agilent Technologies). In brief, 
neutrophils are treated with inhibitors of mitochon-
drial respiration (rotenone/anti-mycin A) followed by 
phorbol 12-myristate 13-acetate (PMA) treatment to 
generate RoS.27 Oxygen consumption is then measured 
to assess oxidative burst from the neutrophils over a time 
course. This method allows comparison of overall oxygen 
uptake and time taken to reach maximal oxygen uptake.

Neutrophil cell surface marker expression
Neutrophil phenotype will be assessed by staining isolated 
neutrophils with antibodies that bind to extracellular 
surface markers. Antibodies to detect cluster of differ-
entiation (CD) 11b, CD66b, CD10, CXC chemokine 

receptor (CXCR) 2 and CXCR4 are mixed as one cock-
tail, while antibodies that bind CD16, CD11c, CD62L, 
CD54 and programmed death-ligand (PD-L) 1 are mixed 
as a second cocktail. The antibody cocktails as well as 
isotype controls are added to neutrophils and incubated 
on ice for 30 min in the dark. Unstained controls are also 
included in the incubation. After incubation, neutrophils 
are washed with 1% bovine serum albumin in PBS (FACS 
buffer) and centrifuged at 300 g for 5 min. The neutro-
phils are resuspended in FACS buffer and analysed using 
a MACSQuant 10 flow cytometer (Miltenyl Biotec). Data 
are analysed using FlowJo software. The analysis of the 
expression of surface receptors will allow for comparison 
of neutrophil phenotype in terms of their activation, 
maturity, senescence, reverse migration, respiratory burst 
and immunosuppression.

Figure 3  Clinical data collected at study visits: at study visits, clinical information will be recorded in the following domains: 
demographic and social history, medical history, admission factors and outcome factors.

Table 3  Biological sample processing

Vacutainer type Volume (mL) Purpose Processing Storage

Lithium Heparin 24 Neutrophil isolation Described in text N/A

Lithium Heparin 6 Plasma samples Sedimentation at room temperature 
for 30 min followed by centrifugation at 
560 rpm for 10 min.

500 µL aliquots at −80°C

EDTA 4 Plasma samples As above 500 µL aliquots at −80°C

Plain 6 Serum sample As above 500 µL aliquots at −80°C

N/A, not available.
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Glycolytic rate
Neutrophil metabolism will be assessed using the 
Seahorse Analyzer (Agilent Technologies) to measure 
extracelllar acidification rate (ECAR) of media as a 
surrogate of lactate efflux.27 The assay involves use of 
both glycolytic and mitochondrial inhibitors to interro-
gate metabolic pathways. Freshly isolated neutrophils are 
seeded on a cell plate, ECAR is measured over time with 
injection of PMA (a potent stimulator of neutrophils) 
after measurement of baseline glycolysis, a subsequent 
injection of oligomycin inhibits mitochondrial activity to 
confirm that all measured activity is glycolytic in origin. 
Lastly, 2-deoxyglucose, an inhibitor of glycolysis, is added 
to confirm all metabolic activity is shutdown. Baseline 
glycolysis, maximal glycolysis and induced glycolysis can 
be measured using this assay.

Transcriptomics
Transcriptomic analysis will be carried out in collaboration 
with Genomics department at University of Birmingham. 
Total RNA will be extracted using the RNAqueous Micro 
Total RNA Isolation Kit (to include an on-column DNase 
treatment). RNA quality will be measured using the 
Agilent 2200 Tapestation. The polyA+mRNA fractiona-
tion will be isolated and cDNA libraries prepared using 
the QuantSeq 3‘mRNA-Seq Library Prep Kit. Samples will 
then be subjected to 75 bp, single-end sequencing using 
Illumina 2500 sequencing machine. Paired end reads will 
be aligned to the human reference genome (hg38) using 
STAR and differential gene expression will be deter-
mined using DESeq2.

Public and patient involvement and engagement
Patient involvement led to the following changes in the 
research protocol; where possible the 6-week follow-up 
visit would occur either as a home visit, or when the 
participant returned to the hospital for follow-up chest 
radiographs as commonly occurs following treatment for 
CAP. In addition, following discussion with patients we 
expanded information collected on follow-up to include 
care needs, readmission and mobility changes. Finally, 
we included a follow-up letter at the end of the study to 
all participants to thank them for their involvement and 
update them on the study’s findings. All study documents 
have been reviewed by patient representatives.

Statistical analysis
Data will be analysed using SPSS for Windows V.26.0, 
GraphPad Prism V.9.0 or R V.4.2 or later. For continu-
ously distributed data, differences between groups will 
be tested using independent sample t-tests with transfor-
mations of variables to normality if appropriate or non-
parametric equivalents. χ2 tests (or Fisher’s exact tests) 
will be used for categorical variables. Any comparisons of 
clinical parameters such as impact of CAP severity will be 
considered exploratory.

The results of this study will be submitted to peer-
reviewed journals for publication and will be presented 
at local and national conferences. We will adhere to 
Enhancing the QUAlity and Transparency Of health 
Research (EQUATOR) guidelines for observational 
studies and follow International Committee of Medical 
Journal Editors (ICMJE) best practice in generation of 
the study manuscript. No participants will be identified 
in publications that result from this study.

Dissemination
Local monitoring of the study will include the following: 
confirmation of informed consent or assent, source 
data verification, backup and validation of data input. 
A random sample (10%) of case report forms will be 
checked to ensure accurate data input.

We do not anticipate any safety concerns during this 
study. Any adverse events will be immediately reported 
to the chief investigator, and they will assess causality and 
seriousness.
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