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Short Communication

SARS-CoV2 pneumonia recovery is linked to expansion
of innate lymphoid cells type 2 expressing CCR10
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Accelerate lung repair in SARS-CoV-2 pneumonia is essential for pandemic handling.
Innate lymphoid cells (ILCs) are likely players, given their role in mucosal protection
and tissue homeostasis. We studied ILC subpopulations at two time points in a cohort
of patients admitted in the hospital due to SARS-CoV-2 infection. COVID-19 patients with
moderate/severe respiratory failure featured profound depletion of circulating ILCs at hos-
pital admission, in agreement with overall lymphocyte depletion. However, ILCs recovered
in direct correlation with lung function improvement as measured by oxygenation index
and in negative association with inflammatory and lung/endothelial damage markers like
RAGE. While both ILC1 and ILC2 expanded, ILC2 showed the most striking phenotype
changes, with CCR10 upregulation in strong correlation with these parameters. Overall,
CCR10" ILC2 emerge as relevant contributors to SARS-CoV-2 pneumonia recovery.
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Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction (ICU) stay [1, 2]. In a quarter of patients infected by SARS-CoV-
2, there is major lung pathology involving both the epithelia and
Lung immunopathology is the bottleneck of the SARS-CoV-2  endothelium [3], which has been associated with high levels of
infection, leading to prolonged hospital and intensive care unit  inflammatory cytokines [4]. It is of utmost importance to bet-
ter understand not only the immunological mechanisms that limit

both viral and immune-mediated damage, but also those involved
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Innate lymphoid cells (ILCs) are emerging as key populations
in mucosal homeostasis and repair [5, 6]. Regarding the lung,
ILC type 2 (ILC2) have been implicated in asthma [7], chronic
obstructive pulmonary disease [8], and respiratory infections [9],
and their levels in the blood [10] or related cytokines were
reported as biomarkers in these diseases [11]. Moreover, increas-
ing evidence suggest that ILC3 through IL-22 [12] as well as ILC1
via interferon-y (IFN-y) may also play a role [11].

Therefore, it is plausible that ILCs contribute both to COVID-
19 pathology and to patient recovery. In agreement, loss of circu-
lating ILCs has been associated with hospitalization requirement
[13], and the few studies available support changes in ILC pheno-
type according to COVID-19 severity [14, 15].

To specifically address the putative role of ILC in COVID-19
recovery, we designed a longitudinal study involving individuals
with SARS-CoV-2 pneumonia requiring hospitalization and respi-
ratory support. We found that the recovery phase is linked to an
expansion of ILC2 expressing high levels of the chemokine recep-
tor CCR10, in correlation with serum markers implicated in lung
injury/repair.

Results and discussion

ILCs recover in association with lung improvement
during COVID-19 recovery

We included 20 SARS-CoV-2-infected individuals with moder-
ate/severe pneumonia all having hypoxemia between April and
October 2020, 11 of which were admitted to the ICU due to severe
respiratory failure (Table 1).

We identified ILC as lymphocytes lacking lineage specifica-
tion markers while expressing CD127 and annotated as ILC pre-
cursors (ILCp) cKit+CRTH2neg, ILC2 CRTH2+, and ILC1- cKit-
negCRTH2neg (Fig. 1A). Both ILC1 and ILC2 can be further
divided according to CD161 expression, which is not observed in
ILCp (Fig. 1A). This allowed us to include in our analysis a CD161
negative population previously ignored in other COVID-19 studies
[7,8].

We found that total ILC counts were significantly reduced at
admission in comparison with age and gender matched nonin-
fected individuals (1955 [1010-3908] cells/mL in the 20 patients,
as compared to 7700 [5140-14640] cells/mL controls, p =
0.0003), as previously reported [14-16]. The stratification of the
patients according to ICU requirement showed no significant dif-
ferences between total ILC counts in the two groups (2120 [860—
6050] cells/mL in the non-ICU group vs. 1670 [540-2300] in the
ICU group, p = 0.44). Interestingly, we also found no associa-
tion between ILC counts and plasma viral load, despite the signif-
icantly higher viremia in the ICU group (100 [32-568] RNAcp/mL
vs. 11 [11-61] RNAcp/mL in non-ICU, p = 0.014).

ILC counts according to time since beginning of symptoms
were evaluated and compared with the cellular dynamics of the
main lymphocyte subsets listed in Supporting Information Table
S1 (Fig. 1B and Supporting Information Fig. S1). Total ILCs
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increased significantly at recovery, which was mostly attributed
to ILC1, irrespectively of CD161 expression, and to ILC2, partic-
ularly those lacking CD161 (Fig. 1B and Supporting Information
Fig. S1). Remarkably, peripheral blood ILCp counts did not change
significantly throughout the follow-up (Fig. 1B and Supporting
Information Fig. S1) and were still significantly reduced at dis-
charge when compared to noninfected (p = 0.014; Supporting
Information Table S2). Since we only performed peripheral blood
analysis, we cannot exclude rapid tissue migration to explain the
lack of change in ILCp counts.

We next investigated whether the ILC increase was associated
with lung recovery, using the P/F ratio (partial pressure of arterial
oxygen/fraction of inspired oxygen) as a measurement of respira-
tory insufficiency. To evaluate the relationship between P/F and
ILCs, we performed mathematical modeling using spline curves
since the data were not linearly correlated [17]. Interestingly, ILC
curves peaked around 300 (Fig. 1C and Supporting Information
Fig. S2), which is considered the threshold for respiratory fail-
ure [18], supporting a close association between circulating ILC
counts and lung function.

Moreover, significantly negative correlations were found with
serum markers linked with COVID-19 severity (Supporting Infor-
mation Fig. S3), particularly illustrated for the consensual prog-
nostic markers IP-10 and IL-18 [16, 19] (Fig. 1D).

ILCs upregulate CCR10 at recovery

Detailed ILC phenotype analysis using an unsupervised dimen-
sionality reduction analysis (Fig. 2A) revealed a higher expression
of the activation marker CD69 at admission, confirmed by manual
gating in all subsets (Supporting Information Fig. S4A). Remark-
ably, although we observed a major increase in CD69 expres-
sion in ILCp at admission, in agreement with previous reports
[14], the fact that we found no changes in ILCp counts during
disease course suggests that ILCp expansion is not required for
severe COVID-19 recovery, though we cannot exclude a preferen-
tial recruitment of this population to the tissues. Conversely, an
increase in CCR10 expression was apparent at recovery (Fig. 2A),
particularly in ILC2. These findings were confirmed by our man-
ual analysis also revealing a significant increase in the CCR10 MFI
in the CD161negILC2 (Fig. 2B), which was inversely correlated
with the decline of RAGE, a marker of endothelium lung damage
[20] and positively correlated with EGE a cytokine that promotes
epithelial proliferation [21] (Fig. 2C).

Of note, the frequency of CCR10+ cells within ILC2 was pos-
itively associated with P/E and CCR10+ILC2 counts correlates
with serum levels of CCL17 (Supporting Information Fig. S3).
Additionally, we found significant negative correlations between
ILC2 or CCR10+ILC2 counts and serum levels of IL-18, IP-10, M-
CSE G-CSE, TGF-q, FGF-2, CXCL13, IL-15, IL-17, and IL-17F (Sup-
porting Information Fig. S3), factors known to contribute to lung
inflammation and/or impact in ILC biology.

Although there was no correlation with CCL28 or CCL27 (Sup-
porting Information Fig. S3), both CCR10 ligands, serum CCL28
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Table 1. Epidemiological and clinical characterization of Covid-19 patients
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Figure 1. Circulating ILCs counts in COVID-19 patients. (A) Illustrative whole blood ILC flow cytometry analysis in a representative healthy control
showing the sequential manual gating in lymphocytes, CD45+, cells negative for CD3, other lineage markers (CD19, CD14, CD11c, and CD123), CD9%4,
CD16, and CD4, followed by gating on CD127+ cells to define total ILCs; subsequently cKit and CRTH2 were used to define ILCp, ILC2 and ILC1; the
histogram illustrates the distinct CD161 expression in these subsets. (B) Comparison of the counts of the main ILC populations at hospital/ICU
admission and at recovery; data refer to 20 different patients at admission, with 14 patients also contributing with recovery time points; bars in
violin plots refer to median and interquartile range; Wilcoxon matched-pairs signed ranked test: **p < 0.001; **p < 0,01; *p < 0.05. (C) Variation of
the counts of ILC subsets according to the P/F (Smoothing spline curve fit using data shown in Supporting Information Fig. 2) in the same patients.
(D) Correlation of the total ILC counts with IL-18 and IP-10 serum levels using Spearman correlation analysis; curve shown with 95% confidence
interval (n = 19, with 13 patients contributing with the two time points). The healthy control values for all parameters are listed in Supporting
Information Table S2. Samples from patients and controls were processed immediately after blood collection.

levels were persistently elevated as compared to healthy controls  instance after radiation injury, and in psoriasis [23]. On the other
(admission, p = 0.009; and recovery p = 0.003, Supporting Infor-  hand, also in psoriasis, cKit+ILC2 have been associated with a
mation Table S2). Moreover, the levels of cytokines known to be  shift toward IL-17 production in an ILC3-like behavior with pro-
involved in ILC2 biology, like IL-33, were also significantly ele- inflammatory function [24]. In this regard, it is worth empha-
vated in the patients both at admission and recovery (admission,p  sizing that the CCR10 + ILC2 that we identified featured low
= 0.0086 and recovery, p = 0.0131, Supporting Information Table = levels of both cKit (Fig. 2B) and CCR6, the latter being more
$2). CCL28 is thought to be mainly produced by lung and gut expressed in ILCp (Supporting Information Fig. S4B). Of note, we
epithelia [22], and possibly contributing to attract CCR10+ILC2.  confirm that CCR10 + ILC2 express CCR4 and GATA-3, though
CCL27, whose serum levels were not elevated in our cohort, has  at lower levels than CCR10negILC2 (Supporting Information Fig.
been mostly implicated in the homing to CCR10+ cell to the skin ~ S5A). Moreover, there was no enrichment of these markers in both
[22], where they have been increasingly involved in repair, for =~ CD161+/- ILC1 subsets, which express comparable increased
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Figure 2. Expansion of CCR10 expressing ILC2 along with the recovery of COVID-19. (A) Dimensionality reduction analysis of total ILCs was per-
formed using unsupervised dimensionality reduction analysis (UMAP) algorithm,; bi-dimensional plots of all samples including eight healthy con-
trols and 13 patients with both admission and recovery time points are shown on the top with the annotation of the main ILC populations repre-
sented; levels of expression of ILC markers on the grouped patients at admission and recovery are shown in the bottom. (B) Illustrative contour plots
of the manual flow cytometry analysis of CD161 and CCR10 within ILC2 at admission and recovery in a representative patient; graphs show the fre-
quency of c-Kit+, CD161+, c-Kit+CD161+, and CCR10™" cells within ILC2, as well as the MFI of CCR10 within total CCR10+ILC2, CCR10+CD161+ ILC2,
and CCR10+CD161neg ILC2 subsets (n = 14); bars in violin plots refer to median and interquartile range; Wilcoxon matched pairs signed ranked
test was used; **p < 0,001; **p < 0,01; *p < 0,05. (C) Graphs show the correlation of the MFI of CCR10 within CCR10+CD161neg ILC2 with the serum
levels of RAGE and EGF using Spearman correlation analysis (n = 18 at admission time point and 13 patients also contributing with recovery time
point), curve is shown with the 95% confidence interval. (D) Volcano plot representing a fold change > |2| between admission and recovery of 108
parameters analyzed on the patient group (n = 13); frequencies refer to the gate mentioned in brackets. Patient and healthy control values for all
parameters are listed in Supporting Information Table S2. Samples from patients and controls were processed immediately after blood collection.
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levels of Tbet, CXCR3, and Eomes (Supporting Information Fig.
S5B).

Regarding ILC1, we found that the relative proportion of
CCR10+ did not change, although the counts of this subset sig-
nificantly increase in parallel with the ILC1 expansion (Support-
ing Information Fig. S4C). In fact, and despite the ILC1-marked
increase, we did not find major changes in their phenotype, in
agreement with a previous report in severe COVID-19 [14].

ILC expansion and CCR10 upregulation are linked to
COVID-19 recovery

In order to further shed light on factors associated with disease
recovery, we plotted the changes between admission and dis-
charge of ILC counts and phenotype in conjunction with the serum
panel and clinical parameters (listed in Supporting Information
Tables S1 and S2) in a volcano plot (Fig. ). Recovery was asso-
ciated with higher counts of total ILCs, ILC1, ILC2, and CCR10™
subsets, as well as the frequency of CCR10+ cells within ILC2, in
parallel with the expected increase in P/F and a striking decrease
in levels of RAGE, IP-10, IL-18, and IL-10, and decline in CD69-
expressing ILC2 and ILCp.

These data suggest a role for CCR10 in COVID-19. A principal
component analysis of the parameters that had significant fold
changes further supported this concept, since ILC subsets express-
ing CCR10 are among the parameters separating the admission
and recovery time points irrespectively of ICU requirement (Sup-
porting Information Fig. S6).

Concluding remarks

We showed here that the recovery of SARS-CoV-2 pneumonia
was linked with CCR10+ILC2 expansion, which negatively cor-
related with inflammation and lung injury markers. The mecha-
nisms underlying lung restoration have not been fully deciphered,
but ILCs have been emerging as key players after acute insults [9].
In fact, there was a timely association of ILC expansion and the
resolution of oxygenation impairment, supporting an important
role of ILCs in lung regeneration.

The expansion of ILC2, in contrast to ILC1, was associated
with significant upregulation of CCR10. ILC2 have been pointed
as a double-edge sword in respiratory disease, contributing both
to lung homeostasis and to pathogenicity in chronic and acute
settings. In animal models submitted to pneumectomy, IL-33 acti-
vates ILC2 that promote alveologenesis and lung regeneration
through IL-13 [25]. Notwithstanding, ILC2-dependent mecha-
nisms of lung regeneration if sustained for a long period have
been associated with evolution toward lung fibrosis, a process
that has also been linked to IL-13 production. Interestingly, CCR10
expressing ILC2 was linked in asthma with decreased bronchore-
activity through a shift from IL-13 production to T-bet upregula-
tion and IFN-y production [10], which may be in line with our
observation of relatively lower GATA-3 levels. Of note, ILC2 have

© 2021 The Authors. European Journal of Immunology published by
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been shown to upregulate NKG2D, a cytotoxic marker, in SARS-
CoV2 infection, possibly mediated by IL-18 [7]. In this cross-
sectional study, the presence of this phenotype was significantly
higher in hospitalized patients that did not required mechanical
ventilation [7]. It is, therefore, likely that this population over-
laps with the CCR10+ILC2 cells identified in our study. Func-
tional studies including lung samples would be very important
to uncover the mechanisms underlying ILC2 plasticity and its rel-
ative contribution for both viral control and alveolar repair, and
our study suggests CCR10 to be an important marker in order to
understand these processes.

In summary, our data support that the recovery of severe
SARS-CoV-2 is linked to expansion of CCR10 expressing ILC2,
reinforcing the relevance of targeting this subset to accelerate
lung recovery in COVID-19, as well as in other diseases.

Materials and methods

Patients

We performed a prospective longitudinal study including 20
SARS-CoV-2-infected (confirmed by RT-PCR of
nasopharyngeal swabs), with pneumonia admitted to Centro Hos-
pitalar Universitdrio Lisboa Norte (CHULN, Portugal), between
April and October 2020. Of note, eight of the patients were
included between April and June before standard use of corticos-

individuals

teroid therapy. The clinical and epidemiological data are depicted
in Table 1. The study was approved by the Ethical Board of
CHULN/Centro Académico de Medicina de Lisboa. Oral informed
consent was provided by all participants.

Study design

Twenty patients were assessed at hospital admission and 14 at
discharge from the ICU or ward (non-ICU). Healthy controls,
recruited from health professionals, were studied in parallel as
a reference (n = 9, with a mean age of 58 (IQ range: 48-61);
six male and three female). Whole blood was processed immedi-
ately after collection for flow cytometry and for plasma and serum
storage.

Flow cytometry analysis

Whole blood staining (15M leukocytes/tube) was performed after
FcR blocking, with the panel listed in Supporting Information
Table S3, acquired on a LSRFortessa X-20 flow cytometer (BD Bio-
sciences, CA), and analyzed using Flowjo software (version 10.7,
Tree Star, Ashland, OR), applying both sequential manual gat-
ing (Fig. 1A) and unsupervised algorithms (unsupervised dimen-
sionality reduction analysis, version 3.1). ILCs were identified as
CD45+ CD127+ cells in the lymphogate, after exclusion of the
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cells expressing CD3,CD14, CD19, CD123, CD11c, CD4, CD94, or
high levels of CD16.

Plasma viral load quantification

Plasma was used to quantify for SARS-CoV-2 viral load upon total
RNA extraction (560 |LL plasma, QIAamp Viral-RNA MiniKit, QIA-
GEN) by droplet digital PCR (ddPCR, SARS-CoV-2 ddPCR Test Kit;
Bio-Rad, Hercules, CA, USA) on QX200 ddPCR System (Bio-Rad),
following manufacturer’s instructions. Duplicates of 20 pL ddPCR
reaction using 5 pL RNA were analyzed on QuantaSoft Analysis
Pro (1.0.596). Plasma samples with N1 or N2 regions, or both
regions detected, were considered positive, and SARS-CoV-2 RNA
concentrations (cp/mL) were calculated considering the extracted
volume of plasma.

Serum analysis

Serum levels of 71 soluble analytes were determined using a Mul-
tiplexing LASER Bead Assay (Human Cytokine Array/Chemokine
Array 71-Plex Panel (HD71); Eve Technologies, Canada) and
serum levels of CCL28, RAGE, SP-D, and IL-22BP were deter-
mined by Sandwich ELISA kits (RayBiotech, GA) using duplicates.
Serum IgA, IgM, and IgG anti-SARS-CoV-2 titers were assessed by
ELISA as previously described [26].

Statistical analysis

Data were analyzed with R version 4.0.2., using the packages
heatmaply, EnhancedVolcano, corrplot, ggplot2 for data visualiza-
tion and GraphPad Prism version 8 (GraphPad Software, San
Diego, CA, USA) using Wilcoxon matched-pairs signed ranked
test, Mann-Whitney U test, Spearman correlation, and Smooth-
ing spline [17]. Results are shown as median and interquartile
ranges. All p-values below 0.05 were considered statistically sig-
nificant.
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