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Introduction

Summary

Mucosal-associated invariant T (MAIT) cells and V52" yd T cells are anti-
bacterial innate-like lymphocytes (ILLs) that are enriched in blood and
mucosa. ILLs have been implicated in control of infection. However, the
role of ILLs in community-acquired pneumonia (CAP) is unknown. Using
sputum samples from a well-characterized CAP cohort, MAIT cell and
V82" T cell abundance was determined by quantitative polymerase chain
reaction (qQPCR). Cytokine and chemokine concentrations in sputum were
measured. The capacity of bacteria in sputum to produce activating ligands
for MAIT cells and V32" T cells was inferred by 16S rRNA sequencing.
MAIT cell abundance in sputum was higher in patients with less severe
pneumonia; duration of hospital admission was inversely correlated with
both MAIT and V&2* T cell abundance. The abundance of both ILLs was
higher in patients with a confirmed bacterial aetiology; however, there
was no correlation with total bacterial load or the predicted capacity of
bacteria to produce activating ligands. Sputum MAIT cell abundance was
associated with interferon (IFN)-a, IFN-y, and sputum neutrophil abun-
dance, while Vd2* T cell abundance was associated with CXCL11 and
IFN-y. Therefore, MAIT and V&2* T cells can be detected in sputum in
CAP, where they may contribute to improved clinical outcome.

Keywords: community-acquired pneumonia, gamma delta T cells, MAIT cells,
qPCR, severity, V62* T cells

not in humans [6]. In addition, MAIT cells can be
activated independently of their TCR by cytokines, in

Community-acquired pneumonia (CAP) is a leading cause
of hospital admission [1]. Innate immune defences are
critical for the prevention and early control of pulmonary
infection and for instructing the adaptive immune response
[2]. Innate and adaptive immunity are bridged by innate-
like lymphoid cells, such as mucosal-associated invariant
T (MAIT) cells and y& T cells; however, their role in
CAP is not yet fully understood.

MAIT cells occur at high frequencies in blood and
at mucosal surfaces, including the lung [3]. They have
a semi-invariant T cell receptor (TCR), Va7.2-Ja12/20/33,
that is restricted by the highly conserved, major histo-
compatibility complex (MHC) class Ib-like molecule,
MR1, and recognizes derivatives of the riboflavin syn-
thesis pathway [4,5]. This pathway is present in many
bacteria, including numerous pulmonary pathogens, but

particular, by interleukin (IL)-12 and -18, suggesting
potential involvement in the immune response to non-
riboflavin-synthesizing bacteria and viruses [7]. Studies
in mice suggest that MAIT cells play an important role
in the protection against both bacterial and viral pul-
monary pathogens and in the containment of chronic
infection [8-11]. In humans, several observations suggest
a potential role of MAIT cells in protection against
pneumonia. First, MAIT cell frequency in blood is
decreased in patients with pneumonia or active tuber-
culosis [12]. Secondly, in critically ill patients, a persis-
tently low frequency of MAIT cells increases the risk
of subsequent nosocomial infections, including pneu-
monia [13]. Thirdly, MAIT cells are depleted in
HIV-infected patients [14], who are 25 times more likely

© 2019 British Society for Immunology, Clinical and Experimental Inmunology, 199: 201-215 201


https://orcid.org/0000-0001-9222-7680
mailto:﻿
mailto:james.ussher@otago.ac.nz

R. F Hannaway et al.

to develop bacterial pneumonia, an increased risk which
is not completely explained by the loss of CD4* T cells
[15].

The Vy9Vd2 subset is the predominant yd T cell
population in humans, comprising 1-9% of circulating
T cells. They are unique to humans and higher primates
and are activated by (E)-4-hydroxy-3-methyl-but-2-enyl
pyrophosphate (HMB-PP), an intermediate of the non-
mevalonate pathway of isoprenoid biosynthesis present
in many bacteria, including pulmonary pathogens, but
not in humans [16]. Vy9Vd2 T cells may also play a
role in the immune response to pulmonary infection.
Expansion of the human Vy9Vd2 T cell population has
been reported in several bacterial infections [16,17], as
well as their rapid trafficking to the lungs after activa-
tion [18]. Adoptive transfer of Vy9Vd2 T cells in non-
human primates protected them from pulmonary
Mpycobacterium tuberculosis infection [19].

In this study, we used quantitative real-time polymerase
chain reaction (qQPCR) to investigate the abundance of
MAIT cells and Vy9V82 T cells in the sputum of patients
with CAP. The abundance of MAIT cells and Vy9V62 T
cells in sputum was correlated with clinical data.

Materials and methods

Sputum and blood samples

Frozen (-80°C) sputum samples (n = 88) from a previ-
ously reported cohort of patients with CAP were analysed
[20]. Ethical approval was granted by the Northern A
Health and Disability Ethics Committee (12/NTA/30).
Induced sputa were collected from healthy volunteers
(n = 12) by nebulization of hypertonic saline [21]. Ethical
approval was granted by the University of Otago Human
Research Ethics Committee (H19/053).

To validate the qPCR method, blood from healthy adult
volunteers was used (n = 13). Peripheral blood mononu-
clear cells (PBMCs) were isolated using Lymphoprep (Alere
Technologies AS, Oslo, Norway) and cryopreserved in
liquid nitrogen until use. Collection of blood was approved
by the University of Otago Ethics Committee (Health)
(H14/046).

Quantitative real-time polymerase chain reaction
(qPCR)

DNA was extracted from sputa and PBMCs using the
NucleoSpin Tissue DNA Kit (Macherey-Nagel, Diiren,
Germany). Prior to DNA extraction, samples were defrosted
and pretreated with dithiothreitol (0-1 mg/ml) at 37°C
for 20 min or until fully digested; samples were considered
fully digested when upon inspection they appeared to be

a liquid and could be pipetted. The primers and probes
used for quantification of MAIT cells (Va7.2-Ja12/20/33),
Vo2t y8 T cells (V52-J61/2/3/4), P2-microglobulin (p2M),
and bacteria (PAN23S rDNA) (all from Integrated DNA
Technologies, Coralville, IA, USA) are shown in the
Supporting information, Table S1. qPCR was performed
using the KAPA Probe Fast qPCR kit (KAPA Biosystems,
Wilmington, MA, USA) and an ABI Prism ViiA7 (Applied
Biosystems, Foster City, CA, USA): 95°C for 3 min, then
40 cycles of 95°C for 3 s and 60°C for 20 s. Human
DNA quantities were determined by amplifying the p2M
gene [22]. The amount of Va7.2-Jal2/20/33 and
V582-J81/2/3/4 relative to f2M was determined by the
comparative threshold cycle (CT) method (242CT).
LinRegPCR was then used to calculate absolute f2M copy
number [23], and this was multiplied by the relative amount
of Va7.2-Jal2/20/33 or V62-J81/2/3/4 to calculate the
absolute abundance of MAIT or V52* yd T cells (presented
in arbitrary units). When no DNA was detected, a value
less than the lowest amount detected was assigned (1 x 10~
10 arbitrary units). To determine the bacterial load, 23S
rDNA was detected using the KAPA SYBR FAST Universal
kit (KAPA Biosystems): at 95°C for 3 min, then 40 cycles
of 95°C for 3 s and 58°C for 30 s. A standard curve
with  Staphylococcus  aureus DNA was used for
quantification.

Flow cytometry and cell separation

PBMCs were stained with the following antibodies: CD3-
phycoerythrin (PE)/cyanin 7 (Cy7), V82-fluorescein isothio-
cyanate (FITC), Va7.2-PE (BioLegend, San Diego, CA, USA),
CD8-¢eFluor450 (eBioscience, San Diego, CA, USA) and
CD161-allophycocyanin (APC) (Miltenyi Biotech, Bergisch
Gladbach, Germany). Live/Dead Fixable Near IR dye (Life
Technologies, Carlsbad, CA, USA), and 123count eBeads
(eBioscience) were included with each sample. Data was
acquired on a FACSCanto II (BD Biosciences, San Jose,
CA, USA) and analysed using FlowJo version 10 software
(TreeStar, Inc., San Carlos, CA, USA). The gating strategy
is shown in Supporting information, Fig. S1. For comparisons
of gPCR and flow cytometry, DNA was extracted from the
same cryovial of PBMCs as analysed by flow cytometry.
In some experiments MAIT cells and V&2* T cells were
sorted for DNA extraction using the BD FACSAria I (BD
Biosciences). Column-based depletion of PBMCs labelled
with Va7.2-PE or V82-PE (both BioLegend) was performed
with anti-PE microbeads and MS columns (both Miltenyi
Biotech).

Analysis of cytokine and chemokine production

Cytokine and chemokine levels in sputum samples were
measured using the LEGENDplex 13-plex Human
Inflammation Panel kit, measuring chemokine ligand
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(CCL)2 [Monocyte chemoattractant protein 1 (MCP-1)],
interferon-a (IFN-a), IFN-y, IL-1p, IL-6, chemokine (C-X-C
motif) ligand 8 (CXCLS; IL-8), IL-10, IL-12 (p70), IL-17A,
IL-18, 1L-23, IL-33, and tumour necrosis factor (TNF)-aq,
or the LEGENDplex 13-plex Human Proinflammatory
Chemokine Panel Kit (BioLegend), measuring CCL2 (MCP-
1), CCL3 (macrophage inflammatory protein; MIP-1a),
CCL4 (MIP-1B), CCL5 (regulated on activation, normal
T cell expressed and secreted; RANTES), CCL11 (exotoxin),
CCL17 (thymus and activation regulated chemokine;
TARC), CCL20 (MIP-3a), CXCL1 (growth-regulated onco-
gene o; GROa), CXCL5 (epithelial neutrophil-activating
protein 78; ENA-78), CXCL8 (IL-8), CXCL9 (monokine
induced by gamma; MIG), CXCL10 (IP-10), and CXCL11
(IFN-inducible T cell alpha chemoattractant; I-TAC).
Samples were acquired on a BD FACSCanto II, and ana-
lysed using LEGENDplex software (BioLegend).

Metagenomics

16S rRNA sequencing was performed on sputum-extracted
DNA at the Environmental Sample Preparation and
Sequencing Laboratory at Argonne National Laboratories
(Chicago, IL, USA), as described in the Supporting infor-
mation. Briefly, libraries of the V4 hypervariable region
were prepared using primers 515F and 806R [24] and
samples were sequenced on an Illumina MiSeq using
2 x 250 base pairs (bp) read chemistry. The average number
of reads per sample was 19 754 (range = 1485-63 876).
Quality control, assembly and operational taxonomic units
(OTU) assignment of sequences was performed using
Mothur [25]. Taxonomy was assigned using the GreenGenes
database version 13.5.99 [26]. Picrust was used to infer
metagenomic capacity of 16S rRNA data [27]. Bacterial
genes encoding for riboflavin and C5 isoprenoid biosynthesis
were curated from the KEGG database (Supporting infor-
mation, Table S2).

Statistics

Data were analysed in Prism version 7 (GraphPad Software,
San Diego, CA, USA). Medians, interquartile range and
all data points are shown. Comparisons between two groups
were made with the Mann-Whitney U-test. Comparisons
between more than two groups were made with the
Kruskal-Wallis test with Dunn’s multiple comparisons test.
For continuous data, Spearman’s or Pearson’s correlations
were calculated as indicated. Significance was defined as
two-sided P < 0-05.

Results

In this study, we sought to enumerate MAIT and V&2*
T cells at the site of infection in patients with CAP.

MAIT cells and V82+ y8 T cells in community acquired pneumonia

Because flow cytometric analysis was not possible, as
samples had been frozen without a cryoprotectant, we
used qPCR on DNA extracted from sputum samples to
quantify innate-like lymphocyte (ILL)-specific VD] TCR
recombinations [22]. During VDJ recombination, variable
and junctional segments are brought together in the
genome to form a single exon. Here, we used a second
generation qPCR assay capable of identifying the pre-
dominant MAIT cell TCRs (Va7.2-Ja33/12/20) and a new
assay to detect Vo2* TCRs (V82-J61/2/3/4) [28-30].

To confirm the specificity of the primers and probes,
qPCR was performed on DNA isolated from FACS-sorted
PBMC populations. Significantly more Va7.2-Ja12/20/33
and V82-J81/2/3/4 were detected in sorted MAIT cell
(CD3*CD161*"*Va7.2* lymphocytes) and V2" T cell
(CD3*"Vd2* lymphocytes) populations, respectively, than
in depleted populations (Fig. 1a,b). PCR was also per-
formed on PBMCs with or without column-based depletion
of Va7.2* cells or V827 cells. With depletion, the magnitude
of reduction of Va7.2-Jal2/20/33 (qPCR) and
CD3*CD161**Va7.2* lymphocytes (flow cytometry), and
V82-J81/2/3/4 (qPCR) and CD3*V82* lymphocytes (flow
cytometry) were similar (Supporting information, Fig. S2).
To determine the quantitative accuracy of the assays, we
compared the absolute cell abundance of MAIT cells and
V82" T cells in PBMCs as determined by flow cytometry
and qPCR. Strong linear correlations for the numbers of
MAIT and V82" T cells determined by qPCR and flow
cytometry were observed (Fig. 1c,d). The limit of detec-
tion of both assays was < 10 cells. Taken together, these
results validate the qPCR method for measuring absolute
cell abundance.

Sputum samples were available from 88 patients with
CAP. Of these, 36 samples were excluded due to micro-
scopic evidence of significant oropharyngeal contamina-
tion (= 10 squamous epithelial cells per x100 field). Of
the 52 samples included in the study, 43 (83%) were
spontaneously produced and nine were (17%) induced
sputa. The median patient age was 67-5 vyears
(range = 36-101) and 27 (52%) were female. Eighteen
(35%) patients had pre-existing chronic obstructive pul-
monary disease (COPD) or other structural lung disease
and 11 (21%) had asthma. On chest X-ray, 31 (60%) had
lobar consolidation while 21 (40%) had multi-lobar con-
solidation. The quality of the DNA obtained from the
sputum samples was satisfactory: the median absorbance
260 : 280 ratio was 1-85 (IQR = 1.833-1-88) and the
median Ct value for B2M was 23-6 (IQR = 22.8-25.5).

The abundance of MAIT cells, V82* T cells, and total
ILLs, defined as the sum of MAIT and Vd2* T cell abun-
dance in sputum, were significantly higher in patients with
CAP than in healthy controls (Fig. 2). In patients with
CAP, MAIT and V82* T cell abundance in sputum were
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Fig. 1. Validation of the quantitative polymerase chain reaction (QPCR) method to determine mucosal-associated invariant T (MAIT) cell and V&2* T
cell abundance. The specificity of the qPCR assay was determined by measuring the abundance of (a) Va7.2-Ja12/20/33 gDNA in MAIT cells (live/
CD3*/CD1617*/Va7.2%) and non-MAIT CD3* T cells (live/CD3*/CD1617/Va7.27) (n = 5) and (b) V52-J61/2/3/4 gDNA in V82* cells (live/CD3*/
V82*) and V62~ CD3* T cells (live/CD3%/V52") (n = 8), each sorted from peripheral blood mononuclear cells (PBMCs) and abundance expressed
relative to $2 microglobulin (f2M) in arbitrary units. Correlation between the abundance of (c) MAIT (n = 22) and (d) V82" T cells (n = 16) in whole
PBMC samples measured by qPCR and by flow cytometry; the absolute copy number of p2M was calculated with LinRegPCR [23] and the number of
MAIT cells (Va7.2-Ja12/20/33 gDNA) and V82" T cells (V52-J51/2/3/4 gDNA) determined relative to f2M and expressed in arbitrary units. In (a)
and (b), individual data points representing the mean of technical triplicates of the qPCR assay, the median and interquartile ranges are shown;

differences between groups were analysed by Mann-Whitney tests; (c) and (d) were analysed using Spearman correlations. **P < 0-01, ***P < 0-001

(Mann-Whitney test).

significantly correlated (Supporting information, Fig. S3a).
There was no evidence of a correlation between MAIT
cell, V&2* T cell, or ILL abundance in sputum and patient
age (Supporting information, Fig. S3b,d). MAIT cell, V&2*
T cell, and ILL abundance in sputum did not significantly
differ by specimen type, gender, pre-existing lung disease,
duration of illness prior to presentation, failure of out-
patient antibiotic therapy, or type of consolidation on chest
X-ray (Supporting information, Table S3).

While there was no evidence of a difference in MAIT
cell, Vo2* T cell, or total ILL abundance in patients requir-
ing intensive care unit admission (n = 6) (Supporting
information, Fig. S4), the abundance of MAIT cells and
ILLs differed significantly, with pneumonia severity as
measured by the CURB65 score (Fig. 3). CURB65 is a
five-point clinical scoring system that allows the stratifica-
tion of patients into mortality risk groups [31]. Patients

with a CURB65 score of 0 had significantly more MAIT
cells and total ILLs than those with a CURB65 score of
2; other comparisons were not significant (Fig. 3a, Supporting
information, Fig. S5a). The Infectious Diseases Society of
America/American Thoracic Society (IDSA/ATS) pneumo-
nia severity criteria comprises an alternative clinical scoring
system which is designed to identify patients who require
management in an intensive care or high-dependency unit
[32]. Patients with severe pneumonia by the IDSA/ATS
criteria (n = 4) had a lower MAIT cell abundance
(Supporting information, Fig. S3¢), but total ILL abundance
was not significantly different (Supporting information, Fig.
S5b). There was no evidence of correlation between V82*
T cell abundance and pneumonia severity, as calculated
by the CURB65 or IDSA/ATS criteria (Fig. 3b,d). Duration
of stay in hospital was negatively correlated with ILL, MAIT
cell, and V82" T cell abundance (Fig. 4).
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Fig. 2. Mucosal-associated invariant T (MAIT) cell and V&2* T cell
abundance in sputum is significantly higher in patients with
community-acquired pneumonia (CAP) than in healthy controls (HC).
The abundance of (a) MAIT cells (Va7.2-Ja12/20/33 gDNA), (b) V62*
T cells (V52-J61/2/3/4 gDNA) and (c) innate-like lymphocytes (ILLs)
in sputum from healthy controls and patients with CAP. MAIT cell and
V82* T cell abundance were measured by quantitative polymerase
chain reaction (qQPCR); the absolute copy number of 32 microglobulin
(p2M) was calculated with LinRegPCR [23] and the number of MAIT
cells (Va7.2-Ja12/20/33 gDNA) and V&2* T cells (V52-J61/2/3/4
gDNA) determined relative to f2M and expressed in arbitrary units.
Individual data points (n = 12 for healthy controls, n = 52 for patients
with CAP) representing the mean of technical triplicates of the gPCR
assay, the median and interquartile ranges are shown. Groups were
compared by the Mann-Whitney test.

MAIT cells and V82+ y8 T cells in community acquired pneumonia

MAIT cells, but not V82* T cells, were more abundant
in sputum with more neutrophils, as determined by micros-
copy performed by the diagnostic laboratory prior to
freezing (Fig. 5). There was no evidence of a correlation
between MAIT cell or V82* T cell abundance in sputum
and the blood leucocyte count or C-reactive protein (CRP)
levels (Supporting information, Fig. S6).

A bacterial aetiology of infection was identified in 23
cases by routine diagnostic testing (Supporting informa-
tion, Table S4). MAIT cell, V82" T cell, and overall ILL
abundance in sputum were all higher in patients with an
identified bacterial pathogen (Fig. 6a,b, Supporting infor-
mation, Fig. S7a). Of note, no MAIT or V&2* T cells
were detected in several samples in which no bacterial
pathogen was detected (Fig. 6a,b). V82" T cell, but not
MAIT cell, abundance was higher in patients with pneu-
monia caused by either S. pneumoniae or Legionella spp.
(Supporting information, Fig. S7b-e). In contrast, there
was no indication of a correlation between either subset
with total bacterial load (Fig. 6c,d).

As pneumonia can be a polymicrobial infection caused
by components of the oral flora, we conducted 16S rRNA
sequencing of samples to identify bacterial OTUs present
in the sputum samples and predict the ability of those
OTUs to make the metabolic ligands for ILLs. This revealed
that there was no significant correlation in the inferred
metagenomic data between the abundance of MAIT cells
and the abundance of genes encoding for riboflavin syn-
thesis or between the abundance of V52* T cells and the
abundance of genes encoding for C5 isoprene synthesis
(Supporting information, Table S5). Culture of pathogens
from sputum samples correlated with the abundance of
genera containing pathogens in the 16S rRNA data
(Supporting information, Fig. S8).

Finally, where there was sufficient sputum sample available,
we analysed cytokine (n = 40) and chemokine (n = 30)
levels. The amount of IFN-y in sputum was significantly
correlated with MAIT cell, V82" T cell, and overall ILL
abundance (Table 1, Supporting information, Fig. S9a—c). The
amount of IFN-a in sputum was significantly correlated with
MAIT cell abundance alone (Table 1, Supporting information,
Fig. S9d-f). The amount of CXCLI11 in sputum was signifi-
cantly correlated with V&2* T cell and overall ILL abundance,
but not with MAIT cell abundance (Table 1, Supporting
information, Fig. S9g-i). No other cytokines or chemokines
analysed displayed evidence of a significant correlation with
MAIT cell, V&2* T cell or overall ILL abundance (Table 1).

Discussion

In this study, we quantified MAIT cells and V&2* T
cells at the site of infection in patients with CAP and
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Fig. 3. Reduced disease severity in patients with higher mucosal-associated invariant T (MAIT) cell abundance in sputum. The abundance of (a)
MAIT cells (Va7.2-Ja12/20/33 gDNA) and (b) V82* T cells (V52-]J61/2/3/4 gDNA) in sputum of patients by CURB-65 score. Abundance of (c) MAIT
cells and (d) V82" T cells in sputum of patients by the IDSA severity criteria. MAIT cell and V82* T cell abundance were measured by quantitative
polymerase chain reaction (QPCR); the absolute copy number of p2 microglobulin (B2M) was calculated with LinRegPCR [23] and the number of
MAIT cells (Va7.2-Ja12/20/33 gDNA) and V82* T cells (V82-J51/2/3/4 gDNA) determined relative to f2M and expressed in arbitrary units.
Individual data points (n = 52) representing the mean of technical triplicates of the qPCR assay, the median and interquartile ranges are shown.

CURB-65 data were analysed using Kruskal-Wallis one-way analysis of variance (ANOVA) and Dunn’s multiple comparison test; IDSA severity data

were analysed using the Mann-Whitney test. **P < 0-01.

found their abundance to be inversely associated with
clinical markers of severity. Higher numbers of MAIT
cells and V82" T cells were found in sputum of CAP
patients with a confirmed bacterial aetiology, but their
abundance was not related to bacterial load or the pre-
dicted capacity of bacteria to produce the MAIT cell
or V82" T cell activating ligands. Instead, V82" T cell
abundance correlated with the concentration of CXCL11,
MAIT cell abundance with the concentration of IFN-a,
and both cell populations with the amount of IFN-y
in sputum. Overall, this suggests an important role for
MAIT cells and V82* T cells in the immune response
to CAP.

As the frozen sputum specimens were not suitable
for flow cytometry, qPCR was used to quantify MAIT
and V&2* yd T cell DNA. By using multiple junctional
primers, this method can detect the most common
recombined MAIT cell TCRs and all possible V52* vyd
T cell TCRs [28-30]. We elected to perform the analysis

on DNA rather than RNA because DNA is more stable
than RNA, an important consideration given that the
samples had been frozen for 3 years, and assessment at
the RNA level could be influenced by differences in
TCR expression (down-regulation of TCR expression
upon activation could compromise the assessment of
absolute cell numbers). Importantly, the abundance of
MAIT and V82" cells determined by qPCR and flow
cytometry were strongly correlated. This method could
be used to complement flow cytometry and enable quan-
tification of ILLs in a range of tissues and body
fluids.

The abundance of MAIT and V82* T cells in sputum
of patients with CAP was highly correlated. This suggests
that common signals lead to the recruitment and/or pro-
liferation of these ILLs. Indeed, both cell populations
express chemokine receptors associated with trafficking
to the lungs and sites of inflammation [3,17,33], and have
the ability to proliferate [17,34].

206 © 2019 British Society for Immunology, Clinical and Experimental Immunology, 199: 201-215



@, , _

10 r=-0.3922
=2 =
2.1 . ° . p = 0.0044
2 $e. .

o -8 °

8 10 . ! !... :

= 10° o g% °

&

15 107 o o0 o °

>

10" 4 T T T T T T v ]
05 1 2 4 8 16 32 64 128
Total duration of admission

b

() 195 r=-0.3568
5 10 ° p=0.0102
<

= 107 : 8 l.

®

N 8 geo o L4

g 10 ° ’ !' o 2

3 10 ¢ ® o ©

L °

> 1010 o o oooee

10.11- L] L] L L] L L] L .
05 1 2 4 8 16 32 64 128

Total duration of admission

C
© 10°¢ r=-0.3892
- p = 0.0048
— 107 [ ]
2. |l'-- -
o 10 ° [ 1] 'o
-l
:' 10-° .0 L]
10-10 o o0

10-11. Ll L] L] L] L] L] L] L
05 1 2 4 8 16 32 64 128

Total duration of admission

Fig. 4. Duration of hospital admission is inversely correlated with the
abundance of innate-like lymphocytes (ILLs) in sputum. The
abundance of (a) mucosal-associated invariant T (MAIT) cells
(Va7.2-Ja12/20/33 gDNA), (b) V2" T cells (V52-]81/2/3/4 gDNA),
and (c) ILLs were measured by quantitative polymerase chain reaction
(qPCR) and the association with duration of admission to hospital
assessed with Spearman correlations. The absolute copy number of 32
microglobulin ($2M) was calculated with LinRegPCR [23] and the
number of MAIT cells (Va7.2-Ja12/20/33 gDNA) and V&2* T cells
(V52-]81/2/3/4 gDNA) determined relative to f2M and expressed in
arbitrary units. Individual data points (n = 52) representing the mean
of technical triplicates of the QPCR assay are shown.

While the levels of ILLs were higher in those with
an identified bacterial pathogen, there was no evidence
of association with total bacterial load. An association
between MAIT cell recruitment to the lungs and

MAIT cells and V82+ y8 T cells in community acquired pneumonia

bacterial inoculum has recently been reported in a mouse
model of L. longbeachae pneumonia [10]. The lack of
correlation between total bacterial load and MAIT cell,
V&2* T cell, or ILL abundance in our study may reflect
heterogeneity in the duration of infection, prior antibiotic
treatment, sample contamination with oropharyngeal
microflora, and non-bacterial causes of pneumonia.
Indeed, the most commonly detected pathogens in pneu-
monia are viruses [35-38]. As this study was conducted
outside the influenza season [39], patients were not tested
for respiratory viruses; however, CAP resulting from
other respiratory viruses, such as human rhinovirus,
cannot be excluded [35]. Identification of the causative
agent in CAP is notoriously difficult; in a recent pneu-
monia aetiology study, extensive testing identified a
pathogen in only 38% of patients [38].

Interestingly, not all bacterial pathogens identified are
able to produce the ligands for MAIT and V&2* T cells.
V62* T cell abundance was higher in those with S. pneu-
moniae or Legionella infection, yet these species do not
produce HMB-PP [40]. Further, neither MAIT cell nor
V82" T cell abundance correlated with the quantity of
bacteria in sputum with the capacity to produce riboflavin
or HMB-PP, respectively (as inferred from metagenomic
analysis), although this may not reflect metabolic activity
in vivo, which would be better assessed by RNA sequenc-
ing. Therefore, the abundance of TCR ligands is unlikely
to be the sole determinant of MAIT and V&2* T cell
recruitment and/or proliferation, although their concentra-
tions have not been measured. The abundance of V§2*
T cells in sputum correlated with the concentration of
CXCL11 (I-TAC), which is produced by monocytes,
endothelial cells, and fibroblasts in response to IFN-y and
IFN-p and binds to CXCR3 [41]. Of note, we have recently
shown that activated MAIT cells can also produce CXCL11
[42]. CXCR3 is expressed by V82* T cells and their
chemotaxis in response to CXCR3 ligands has previously
been reported [43]. While the correlation of V82" T cell
abundance with CXCL11 concentration may be confounded
by the concentration of IFN-y, the lack of correlation of
MAIT cell abundance with CXCL11 concentration argues
against this. While MAIT cells express CXCR3, they also
express high levels of CD26, which has been shown to
inactivate CXCL11 and prevent T cell chemotaxis [44,45].
No chemokines were identified that correlated with MAIT
cell abundance. However, IFN-a concentration correlated
with MAIT cell abundance but not V52* T cell abundance.
IFN-a2 has been shown to be a chemotactic factor for
T cells [46]. Alternatively, IFN-a may result in activation
and proliferation of MAIT cells in the lung [47,48]. In
a mouse model of influenza infection, accumulation of
MAIT cells in the lungs was dependent upon IL-18 [11].
However, in our study, MAIT cell abundance was not
associated with IL-18 concentration.
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Fig. 5. Mucosal-associated invariant T (MAIT) cell abundance in sputum is associated with the number of neutrophils in sputum. The abundance of
(a) MAIT cells (Va7.2-Ja12/20/33 gDNA) and (b) V82* T cells (V52-J51/2/3/4 gDNA) by the number of neutrophils (PMN) per low-powered field
(LPF) in sputum. MAIT cell and V&2* T cell abundance was determined by quantitative polymerase chain reaction (QPCR); the absolute copy number
of f2 microglobulin (2M) was calculated with LinRegPCR [23] and the number of MAIT cells (Va7.2-Ja12/20/33 gDNA) and V82* T cells
(V52-J61/2/3/4 gDNA) determined relative to 2M and expressed in arbitrary units. Microscopy was performed on sputum in the diagnostic

laboratory prior to freezing. Individual data points (n = 52) representing the mean of technical triplicates of the qPCR assay, the median and

interquartile ranges are shown. Data were analysed with the Kruskal-Wallis one-way analysis of variance (ANOVA); n.s. = not significant.

MAIT cell abundance was positively correlated with
neutrophil infiltration. Neutrophils are essential in the
control of multiple bacterial pulmonary infections, and
have a major role in the initiation of the adaptive immune
response [49]. MAIT cells produce IL-17A, inducing
production of CXCL-8, resulting in neutrophil recruit-
ment [50,51]. Although IL-17A was detected in the
sputum samples, it was detected at low concentration
(median = 13-3 ng/pL, IQR = 7-2-30-6 ng/pl) and did
not significantly correlate with MAIT cell abundance.
Similarly, while y8 T cells have been found to produce
IL-17 in response to lung infection [52], we did not
detect a significant correlation between the abundance
of V82" T cells and IL-17A production or neutrophil
abundance. This suggests that other cell types may con-
tribute to the production of IL-17A and CXCL-8, and
hence to neutrophil recruitment. Of note, activated MAIT
cells can produce CXCL-8, and have been shown to
induce neutrophil migration in a transwell assay, albeit
in a IL-8-independent manner [42]. The correlation
between MAIT cell and neutrophil abundance may reflect
co-recruitment in response to inflammation and/or
recruitment of neutrophils by activated MAIT cells.

We found that the levels of IFN-y in sputum were
positively correlated with MAIT cell, Vd2* T cell, and
overall ILL abundance in sputum, suggesting that these
cells are a major source of IFN-y in CAP. In a previous
study, IFN-y could be detected in the bronchoalveolar
fluid at higher concentrations in patients with CAP than
in healthy controls, although concentration did not

correlate with severity [53]. TNF-a could only be detected
in the bronchoalveolar fluid of some patients, while IL-17A
was not detected at all [53]. IFN-y has an important
role in the response to various pulmonary bacterial infec-
tions [54,55]. It has recently been reported that immune
defence in pulmonary infection with L. longbeachae in
Rag2~~yC™~ mice is reliant upon IFN-y production by
adoptively transferred MAIT cells; a significant reduction
in survival was shown in mice where adoptively trans-
ferred MAIT cells were from IFN-y~/~ mice [10]. However,
mortality was unchanged when MAIT cells from TNF/,
IL-177"-, perforin™~ or granzyme A and B~ mice were
transferred [10]. Production of IFN-y, TNF-a, and IL-17
by MAIT and yd T cells has previously been reported
in mouse lung infection models [56,57].

The abundance of MAIT cells and V82" cells in spu-
tum was inversely associated with the severity of infec-
tion. Higher numbers of MAIT cells were found in the
sputum of patients with low-severity pneumonia
(CURB65 score and IDSA/ATS criteria). The median
abundance of MAIT cells in sputum differed significantly
by CURB65 score. Comparing the abundance of MAIT
cells between patients with different CURB65 scores,
MAIT cell abundance was significantly lower in patients
with a CURB65 score of 2 than in patients with a score
of 0, but other comparisons, including the difference
between patients with a CURB65 score of > 3 and 0
and > 3 and 2 were not significant. This may be due
to the low numbers of patients with severe pneumonia
in this cohort, greater recruitment of MAIT cells to the
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Fig. 6. Mucosal-associated invariant T (MAIT) cell and V&2* T cell abundance in sputum is higher in patients with an identified bacterial pathogen.
The abundance of (a) MAIT cells (Va7.2-Ja12/20/33 gDNA) and (b) V82" T cells (V52-]51/2/3/4 gDNA) in sputum of patients with and without an
identified bacterial pathogen. The association between (c) MAIT cell and (d) V82* T cell abundance in sputum and total bacterial load. MAIT cell and
V62* T cell abundance and total bacterial load were measured by quantitative polymerase chain reaction (QPCR); the absolute copy number of 2
microglobulin (f2M) was calculated with LinRegPCR [23] and the number of MAIT cells (Va7.2-Ja12/20/33 gDNA) and V82* T cells (V52-]51/2/3/4
gDNA) determined relative to f2M and expressed in arbitrary units. Bacterial pathogens were identified in the diagnostic laboratory by sputum

culture, blood culture, PCR on sputum for Legionella spp., or by urinary antigen detection for Streptococcus pneumoniae or L. pneumophila serotype 1

(Supporting information, Table S4). Individual data points (n = 52) representing the mean of technical triplicates of the qPCR assay are shown; in (a)

and (b) the median and interquartile ranges are shown. Differences between groups were analysed by Mann-Whitney tests (a,b). The association with

total bacterial load was assessed with Spearman correlations (c,d). CFU/ml = colony-forming units per millilitre.

lungs in patients with the most severe infections or
confounding factors. Indeed, several parameters that were
associated with greater MAIT cell abundance were also
more common in patients with a CURB65 score of > 3
(higher type I IFN levels, the presence of a bacterial
pathogen, neutrophil abundance) and may be confound-
ing. Therefore, it remains an open question which would
require more and new data to address. While there was
a significant difference in MAIT cell abundance between
those with non-severe and severe pneumonia, as clas-
sified by the IDSA/ATS criteria, we take this result as
indicative due to the small sample size (n = 4) of one
of the groups. No difference was seen in admission to
the intensive care unit (n = 6), which may reflect low
numbers of severe cases or other reasons for subsequent
intensive care unit admission. Both MAIT cell and V&2*
T cell numbers in sputum were negatively correlated
with the duration of hospital admission. Duration of
admission may reflect severity of infection, but could

be confounded by comorbidities, such as COPD and
age [58]. MAIT cells numbers in the blood decrease
with age [59] and are also depleted from the blood and
lungs of patients with COPD [60]. However, neither
MAIT cell nor V82* T cell abundance in sputum was
correlated with age and there was no difference between
those with or without COPD (data not shown).
Overall, our findings suggest that ILLs, particularly MAIT
cells, may play a protective role against severe infection.
This is consistent with recent data from a mouse model,
where MAIT cells were shown to have a role in protect-
ing against pulmonary infection with L. longbeachae; bac-
terial clearance was diminished in MAIT cell-deficient
mice and enhanced in mice with an expanded MAIT cell
population [10]. In humans, MAIT cell numbers were
found to be reduced in the blood of severely unwell
patients admitted to intensive care, especially those with
a bacterial infection, and there was a non-significant trend
towards MAIT cell recovery protecting against subsequent
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nosocomial infection [13]. In contrast, it has been sug-
gested that MAIT and V82* T cells contribute to a poorer
clinical outcome in patients with a first episode of con-
tinuous ambulatory peritoneal dialysis (CAPD) peritonitis
[61]. Of note, other bacterial factors, such as endotoxins,
virulence factors, ability to form biofilms, and resistance
to anti-microbials may influence inflammatory cytokine
production and the failure rate of peritoneal dialysis, and
were not assessed in that study. Therefore, ILLs and the
inflammatory response they induce may be protective in
one clinical scenario (pneumonia) but deleterious in another
(CAPD peritonitis).

Other studies have suggested a role for lymphocytes
in the immune response to pneumonia. Lymphopaenia
in blood has been associated with increased risk of death
from CAP [62]. Paats et al. found no difference in the
relative frequencies of CD4*, CD8" or yd T cell popula-
tions (expressed as a proportion of the total CD3* T cell
population) in either blood or bronchoalveolar lavage fluid
between healthy controls and patients with CAP [63]. In
patients with CAP, however, increased IL-17A, IL-22, and
IL-17A/IL-22 production by CD3*CD4* cells in bronchoal-
veolar lavage fluid and increased IL-17A/IL-22 production
by CD3*CD4" cells in PBMCs was seen with phorbol
myristate acetate (PMA) stimulation; more IL-17A/IL-22-
producing CD3*CD4" cells were seen in the blood of
patients admitted to the intensive care unit, but no dif-
ference was seen between those with severe or non-severe
pneumonia. Of note, little IL-17A and/or IL-22 production
was seen in yd T cells in blood or bronchoalveolar lavage
fluid. Increased IL-17A, IL-22, and IL-17A/IL-22 produc-
tion by CD3*CD8* cells was seen in bronchoalveolar lavage
fluid but not PBMCs [63]. Both MAIT cells and V82" T
cells can produce IL-17A and IL-22, and will have con-
tributed to the CD3*CD8* and y§ T cell populations in
the study by Paats et al. [51]. In another study, Orlov et
al. performed bronchoalveolar lavage on patients with
suspected ventilator-associated pneumonia [64]. CD4" cells
were enriched from bronchoalveolar lavage fluid and then
stimulated with PMA and ionomycin. Those with con-
firmed pneumonia had a reduced proportion of T helper
(Th) type 17 cells (defined as CD45*CD4"CCR6*IL-17A*
cells), ~while the proportion of Thl cells
(CD45"CD4'IFN-y*) was unchanged. Therefore IL-17A-
producing T cells, in particular CD4* T cells, contribute
to the immune response to pneumonia. Unfortunately,
because of the method of sample preservation, it was not
possible to examine other lymphocyte subpopulations in
our study.

Sputa, both spontaneously produced and induced are
commonly used as proxies for more invasive respiratory
samples, such as bronchoalveolar lavage, in pulmonary
infection. A high rate of concordance for microbiological

MAIT cells and V82+ y8 T cells in community acquired pneumonia

diagnosis between paired sputum and brochoalveolar lav-
age samples has been reported [65]. There are no studies
comparing the immune cell composition of sputa and
bronchoalveolar lavage in pneumonia. Studies in healthy
controls, patients with asthma or COPD (both stable and
acute exacerbations), and patients with sarcoidosis or non-
granulomatous lung disease suggest that the immune cell
composition of induced sputa may better represent the
airways than the alveolar space, with a greater percentage
of neutrophils and fewer alveolar macrophages and lym-
phocytes [66-70], although the profile of T cell subsets
(as defined by CD4 and CD8 expression) is similar in
induced sputa and bronchoalveolar lavage [69,70]. In con-
trast, lymphocytes are the predominant cell type in the
bronchial submucosa [67]. In a study of patients with
COPD, there was no difference in the total or differential
cell count between spontaneously produced and induced
sputa [71]. Therefore, the frequency of ILLs in sputa,
whether spontaneously produced or induced, may not
necessarily correlate with the frequency in other
compartments.

Several limitations should be noted. First, the method
of sample preservation excluded the possibility of pheno-
typing and in-vitro functional assessment of MAIT cells
and V82* T cells. This should be assessed in future pro-
spective studies. Secondly, MAIT cells and V82* T cells
were not detected in several samples, falling below the
limit of detection of the assay; this prevented us from
fitting multiple regression models. Thirdly, no paired blood
samples were available to compare ILL abundance. Fourthly,
as discussed above, this cohort lacked severe cases. Fifthly,
we have not made an adjustment for multiple testing in
our analysis, so replication in a prospective cohort will
be important to assess the hypotheses generated by this
study. Finally, there may be unmeasured confounders that
account for our findings; therefore it is not possible to
determine causation.

In conclusion, we have confirmed the presence of ILLs
at the site of infection in CAP, and have identified an
association of these cells with an improved clinical out-
come. This should be investigated further in prospective
studies. If these findings are confirmed, immunotherapies
to enhance MAIT cell numbers and function could be
considered for the prevention of severe CAP.
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Additional supporting information may be found in the on-
line version of this article at the publisher’s web site:

Fig. S1. Gating strategy to determine MAIT and V52* T
cell counts for comparison to qPCR data.

Fig. S2. Validation of the qPCR method to determine
MAIT and V82" T cell abundance. The specificity of the
qPCR assay was determined by measuring the abundance of
(a) Va7.2-Ja12/20/33 gDNA in PBMCs and PBMCs depleted
of Va7.2+ cells and (c) V82-J61/2/3/4 gDNA in PBMCs and
PBMC:s depleted of V2* cells; abundance is expressed rela-
tive to f2M in arbitrary units. The effectiveness of depletion of
(b) MAIT cells (CD3+CD161++Va7.2+ lymphocytes) and (d)
Vo2 T cells (CD3+V2+ lymphocytes) was assessed by flow
cytometry. Each data point represents a different donor (1 = 6),
and in (a, ¢) represent the mean of technical triplicates of the
gPCR assay. The median, and interquartile ranges are shown.
Two independent experiments were performed. Differences
between groups were analysed by Mann-Whitney tests.

Fig. S3. MAIT cell and V82" T cell abundance in sputum are
correlated, but no correlation with age is seen. MAIT cell
(Va7.2-Ja12/20/33 gDNA) and Vo2* T cell (V82-J51/2/3/4
gDNA) abundance in sputum of patients with CAP was mea-
sured by qPCR; the absolute copy number of f2M was cal-
culated with LinRegPCR ?* and the number of MAIT cells
(Va7.2-Ja12/20/33 gDNA) and V62* T cells (V82-J51/2/3/4
gDNA) determined relative to f2M and expressed in arbitrary
units. (a) The relationship between MAIT cell and V82* T cell
abundance. (b-d) The association between (b) MAIT cell, (c)
V62* T cell, and (d) ILL abundance in sputum and patient age.
Individual data points (n = 52) representing the mean of tech-
nical triplicates of the qPCR assay are shown. Relationships
between variables were assessed with Spearman correlations.

Fig. S4. Abundance of ILLs does not differ with ICU admis-
sion. Abundance of (a) MAIT cells (Va7.2-Ja12/20/33 gDNA),
(b) V82" T cells (V62-]81/2/3/4 gDNA), and (c) ILLs in sputum
of patients with CAP requiring admission to the intensive care
unit (ICU) or not. Cell abundance was measured by qPCR; the
absolute copy number of f2M was calculated with LinRegPCR
2 and the number of MAIT cells (Va7.2-Ja12/20/33 gDNA)
and VO2* T cells (V52-J61/2/3/4 gDNA) determined relative
to p2M and expressed in arbitrary units. Individual data points
(n = 52) representing the mean of technical triplicates of the
gPCR assay, the median, and interquartile ranges are shown.
Data were analysed by Mann-Whitney tests.

Fig. S5. Reduced disease severity in patients with higher ILL
abundance in sputum. (a) The abundance of ILLs in sputum
of patients by CURB-65 score. (b) The abundance of ILLs in
severe cases of pneumonia, as defined by the IDSA severity
criteria. Cell abundance was measured by gPCR; the absolute
copy number of 2M was calculated with LinRegPCR 2* and
the number of MAIT cells (Va7.2-Ja12/20/33 gDNA) and
Vo2+ T cells (V52-J81/2/3/4 gDNA) determined relative to
B2M and expressed in arbitrary units. Individual data points
(n = 52) representing the mean of technical triplicates of the
gPCR assay, the median, and interquartile ranges are shown.
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CURB-65 data was analysed using Kruskal-Wallis 1-way
ANOVA and Dunn’s multiple comparison test; IDSA severity
data was analysed by the Mann-Whitney test. *P < 0.05.

Fig. S6. MAIT cell abundance in sputum is not associ-
ated with blood leukocyte count or with CRP. The as-
sociation of (a) MAIT cell (Va7.2-Ja12/20/33 gDNA)
and (b) V&2* T cell (V52-J61/2/3/4 gDNA) abundance in
sputum with blood leukocyte count. The association of (c)
MAIT cell and (d) V82* T cell abundance in sputum with
blood CRP concentration (mg/L). MAIT cell and V&2*
T cell abundance was determined by qPCR; the absolute
copy number of f2M was calculated with LinRegPCR 23
and the number of MAIT cells (Va7.2-Ja12/20/33 gDNA)
and V82" T cells (V52-J51/2/3/4 gDNA) determined rel-
ative to p2M and expressed in arbitrary units. Individual
data points representing the mean of technical triplicates
of the qPCR assay are shown. Blood leukocyte (n = 52)
and CRP (n = 49) data were analysed using Spearman cor-
relations. WCC = white cell (leukocyte) count; ns = not
significant; CRP = C-reactive protein.

Fig. S7. V62* T cell abundance in sputum is higher
in patients with CAP caused by Streptococcus pneu-
moniae or Legionella spp. (a) The abundance of ILLs
in sputum of patients with and without an identified
bacterial pathogen. (b-c) The abundance of MAIT cells
(Va7.2-Ja12/20/33 gDNA) in sputum of patients with
CAP caused by (b) S. pneumoniae or (c) Legionella spp.
The abundance of V82" T cells (V52-]61/2/3/4 gDNA)
in sputum of patients with CAP caused by (d) S. pneu-
moniae or (e) Legionella spp. Cell abundance was mea-
sured by qPCR; the absolute copy number of p2M
was calculated with LinRegPCR ?* and the number of
MAIT cells (Va7.2-Ja12/20/33 gDNA) and V32* T cells
(V52-J61/2/3/4 gDNA) determined relative to f2M and
expressed in arbitrary units. Individual data points (n = 52)
representing the mean of technical triplicates of the
qPCR assay, the median, and interquartile ranges are

shown. Differences between groups were analysed by
Mann-Whitney tests.

Fig. S8. Relationship between cultured pathogens and 16S
rRNA data. Genera of clinical interest are indicated on the
X axis, while the Y axis shows the log relative abundance of
each genera of interest within the 16S rRNA data. Facets corre-
spond to groups of samples from which pathogen was cultured
(HFLU = Haemophilus influenzae (n = 5); LGN = Legionella
spp. (n = 14); MCAT = Moraxella catarrhalis (n = 5); PAER =
Pseudomonas aeruginosa (n = 1); PNEU = Streptococcus pneu-
moniae (n = 4); SAUR = Staphylococcus aureus (n = 1); NSG =
no significant growth (n = 41)). The mean abundance of gen-
era is not significantly different between groups, as measured
by the Kruskal-Wallis and Wilcoxon signed-rank tests, except
for between samples +/- Legionella (P < 0.001).

Fig. §9. Association of ILL abundance in sputum with
sputum concentrations of IFN-y, IFN-a, and CXCL11.
(a-c) The association of sputum IFN-y concentrations
with the abundance of (a) MAIT cells (Va7.2-Ja12/20/33
gDNA), (b) V82" T cells (V52-J81/2/3/4 gDNA), and (c)
ILLs in sputum. (d-f) The association of sputum IFN-a
concentrations with the abundance of (d) MAIT cells, (e)
V&2* T cells, and (f) ILLs in sputum. (g-i) The association
of sputum CXCL11 concentrations with the abundance of
(g) MAIT cells, (h) V82" T cells, and (i) ILLs in sputum.
Cell abundance was measured by qPCR; the absolute copy
number of p2M was calculated with LinRegPCR 2* and
the number of MAIT cells (Va7.2-Ja12/20/33 gDNA) and
V&2t T cells (V82-J81/2/3/4 gDNA) determined relative
to p2M and expressed in arbitrary units. IFN-y, IFN-a,
and CXCL11 were measured by LEGENDplex bead array.
Individual data points (n = 40 for IFN-y and IFN-a; n = 30
for CXCL11) representing the mean of technical tripli-
cates of the qPCR assay and the mean of technical dupli-
cates of the LEGENDplex assay are shown. Associations
between different cell populations and soluble mediators
were assessed with Spearman correlations.
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