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Phenotypic
comparison of human
alveolar macrophages
before and after in
vivo rhinovirus 16
challenge

In the lung, alveolar macrophages serve
as the first line of cellular defense
against inhaled particles and respiratory
pathogens. As any macrophage, alveo-
lar macrophages are remarkably plastic
cells and known to adapt their pheno-
type, driven by signals from the microen-
vironment. This ensures correct responses
necessary for the elimination of threats,
damage repair, and restoration of home-
ostasis. It has been demonstrated that
macrophage polarization and function are
aberrant in lung disease, including asthma
and chronic obstructive pulmonary disease
(COPD) [1–6]. This may lead to impaired
responses towards infections, resulting in
acute worsening of the disease (i.e., exac-
erbations). Indeed, whereas most respi-
ratory virus infections only provoke a
common cold in healthy individuals, they
account for the majority of exacerbations
in asthma and COPD [7].

Bronchoalveolar lavage (BAL) is com-
monly applied to retrieve samples from
the lower airways. BAL samples mainly
comprise alveolar macrophages but also
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lymphocytes, neutrophils, and eosinophils,
which can be further affected by underly-
ing disease. Immunophenotyping of BAL
cells is classically performed using flow
cytometry, but autofluorescence of (alve-
olar) macrophages can cause significant
problems in data analysis. As such, only
little is known about macrophage hetero-
geneity, especially in the context of inflam-
matory lung disease, while detailed pro-
filing of cellular responses is crucial for
understanding their functional roles.

In the current study, we used two mass
cytometry (CyTOF) antibody panels, cov-
ering 64 unique surface and intracellular
markers (Table S1), for single-cell charac-
terization of human alveolar macrophages
in response to an in vivo experimental
virus infection. The gating strategy for
CyTOF analysis is shown in Figure S1.
BAL samples were obtained before and
two days after rhinovirus 16 (RV16) chal-
lenge in two explorative clinical stud-
ies; the RILCA study, including patients
with mild to moderate asthma and age-
matched healthy controls, and the RILCO
study, including patients with COPD GOLD
stage I-II and age-matched healthy con-
trols. Further details can be found in the
Supporting Information.

Baseline characteristics of the diverse
group of subjects included in this anal-
ysis are presented in Table S2. Ini-
tial differential cell counts revealed alve-
olar macrophages as the predominant
cell type in BAL fluid, with no dif-
ferences before and after RV16 chal-
lenge (Table S3). Overlaid t-distributed
stochastic neighbor embedding (t-SNE)
dot plots of all BAL samples are shown in
Figure 1A, with similar clustering before
and after the virus. Indeed, the major
population was HLA-DR+ and consid-

ered alveolar macrophages. This popu-
lation was further characterized by the
expression of other key macrophage mark-
ers, including CD206, CD68, CD169, and
CD64. Strikingly, we also observed the
presence of distinct HLA-DR+CD16+ and
HLA-DR+CD16− subsets, which appeared
not to be related to health, disease, or
virus infection (not shown). This poten-
tially interesting dichotomy based on the
expression of CD16 (FcγRIII) deserves
closer investigation in future studies to
unravel its potential clinical relevance.

Multivariate partial least squares-
discriminant analysis (PLS-DA) using
the mean signal intensity of all markers
showed separate clustering of alveolar
macrophages collected before versus after
RV16 challenge, with major determinants
being CD61, CD116, TIM4, CD206, and
TGFβ (Fig. 1B and Figure S2). From the
top 15 expressed markers, only CD206
was significantly upregulated after the
virus challenge (Fig. 2). Other signifi-
cantly enhanced markers post-challenge
were MRP14 (87.76 ± 12.78 versus
166.15 ± 36.59; P = 0.045) and TGFβ

(2.72 ± 0.57 versus 3.49 ± 0.76; P =
0.005), whereas the expression levels of
CD56 decreased (1.93 ± 0.39 versus 1.24
± 0.15; P = 0.025). Virus infection did
not affect the mean expression levels of
any of the other markers. In addition, the
biological relevance of CD56 and TGF-β is
questioned due to low expression levels.
Of note, PLS-DA also revealed that alveo-
lar macrophages from asthma, COPD, and
healthy subjects can be clustered sepa-
rately, mainly based on the contribution of
CD45, ABCA7, CD33, CD64, and CD206
(Figure S3).

Together, although consequences for
individual markers seem limited, our
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Figure 1. Comparative phenotypic analysis of BAL samples before and after in vivo experimental RV16 infection in a heterogeneous group of
healthy and asthma/COPD subjects. Data originate from a barcoded and pooled sample, consisting of 10 baseline and 10 RV16 BAL samples, that
was split and stained with two antibody panels and acquired on a CyTOF instrument. (A) Overlaid t-SNE projection of multidimensional single-cell
phenotypes of BAL samples at baseline (blue) and after challenge with RV16 (orange). All cells are included in the plots and all markers (Table S1
panel B) except CD16 are used for embedding. (B) PLS-DA using the mean signal intensity of all markers (Table S1 panel A and B) for HLA-DR+

alveolar macrophages collected at baseline (blue) and after challenge with RV16 (orange).

current data suggest a modest impact of
RV16 on the overall phenotype of human
alveolar macrophages already 2 days post-
challenge. Besides, the significant effect
of RV16 on CD206 expression within
this heterogeneous group of subjects is
intriguing as it indicates a crucial factor
upon virus infection independent of dis-
ease. CD206, the mannose receptor, has
been recognized as a marker for alter-
natively activated macrophages with anti-
inflammatory and tissue repair functions
[8], though classically activating stimuli
like IFNγ can further enhance its expres-
sion [9]. CD206 was also among the most
discriminative or predictive features in our
multivariate analysis and has previously
been reported to be increased in asthma
and COPD [1, 3–5]. Whether the expres-
sion of this receptor indeed drives altered
responses in the airways remains to be elu-
cidated.

This explorative study is unique in
using CyTOF for the phenotyping of BAL
macrophages before and after experimen-
tal RV16 infection in healthy controls and
patients with asthma and COPD. How-
ever, we do need to address its shortcom-
ings. The number of subjects included is
small with no power to actually detect
RV16 responses related to disease, leaving

the influence of asthma and COPD to be
determined. On the other hand, combin-
ing all subjects may have biased the results
and hence these findings should be inter-
preted with caution. Moreover, sampling
2 days post-challenge corresponds with
the early phase of the immune response,
which is also illustrated at the clinical
level, as subjects did not yet experience
increased symptoms nor a deteriorating
lung function (forced expiratory volume
in 1 second [FEV1] percent predicted
96.2 ± 13.1 versus 95.4 ± 13.6; P = 0.57
and post-bronchodilator FEV1 percent pre-
dicted 103.7 ± 11.0 versus 103.4 ± 11.6;
P = 0.86). Yet, patients did report
increased asthma or COPD symptoms at
later time points in the study (peak symp-
toms were detected 4–5 days after infec-
tion), in line with virus-induced loss of dis-
ease control (not shown).

In conclusion, CyTOF enables detailed
characterization of alveolar macrophages
at the single-cell level and our find-
ings indicate that two days after in vivo
RV16 challenge these cells have already
responded by changing their overall phe-
notype. Although there appear to be dif-
ferences between alveolar macrophages
from healthy controls versus patients as
well, it is not clear whether these translate

to functional differences in the respira-
tory tract. Future research should explore
the effect of virus infections on alveo-
lar macrophage polarization at other time
points and in lung disease in general.
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Figure 2. Mean signal intensity of the top 15 expressed markers (Table S1 panel A and B) as determined by CyTOF analysis of HLA-DR+ alveolar
macrophages at baseline and after in vivo infection with RV16 (both n = 10). Dots represent patient individuals (blue = asthma; orange = COPD;
gray = healthy); bars and whiskers represent mean ± SEM. **P < 0.01 paired t test.
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