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Serum amyloid A promotes emphysema by triggering the
reciprocal activation of neutrophils and ILC3s

Dear Editor,

Chronic obstructive pulmonary disease (COPD) is a group
of irreversible lung diseases that include emphysema and
chronic bronchiolitis.! Many studies have shown that
COPD is due to adaptive immune responses, particu-
larly CD8* and CD4* T cells>?; however, the role(s) that
innate immune cells such as innate lymphoid cells (ILCs)
and granulocytes play in the pathogenesis of emphysema
and COPD is largely unknown. Here, we show that neu-
trophils, and particularly type 3 innate lymphoid cells
(ILC3s), play a key role in the development of COPD with
the emphysema phenotype.

To explore the roles of ILCs in COPD pathogenesis,
we induced the chronic phase of emphysema by treating
lipopolysaccharide (LPS) and porcine pancreatic elastase
(PPE) in the Ragl‘/ ~ (which lack mature B and T cells)
and wildtype (WT) mice for 4 weeks (Figures 1A and S1A).
This treatment induced emphysema-like changes in the
lung (Figures 1B and S1B). Since previous studies sug-
gest that emphysema associates with elevated circulating
serum amyloid A (SAA) levels,*> we examined the mRNA
expression of SAA and found that Saa3 was particularly
increased in the emphysematous lung but not in the liver
(Figure 1C). Induction of SAA was also confirmed by flow
cytometry (Figures 1D,E and S1C,D). Moreover, the level of
hSAALl, whose amino acid sequence is most similar to that
of mouse SAA3,° is higher in the sputum of emphysema-
tous patients than in the sputum of non-emphysematous
COPD patients (Table SI and Figure 1F). Monocytes and
dendritic cells were the main cellular sources of SAA in
the emphysema-induced lungs (Figures 1G,H and S1E,F).
Under the same condition, both interferon (IFN)-y* and
interleukin (IL)-17A*ILCs are significantly increased (Fig-
ures 1I,J and SIG,H). The same trend for increasing SAA
and ILC3s was observed in the acute model of emphy-
sema (Figure S2A-E). Consistent with this, the frequency
of ILC3s in the sputum of emphysematous COPD patients
was higher than that of non-emphysematous patients (Fig-
ure 1K).

Next, we asked whether SAA itself could provoke
emphysema and increase ILC3s. Even a single dose of
rhSAAI caused acute inflammation and emphysema in
the lung (Figure 2A,B). Remarkably, the administration of
rhSAAI specifically increased the actively proliferating IL-
17A*ILC3s (Figure 2C-E). In contrast, there were minimal
changes in the Ty cells (Figure S3A,B). To test whether
SAA directly promoted ILC3 expansion, we treated naive
ILCs with rhSAALI in vitro and found that rhSAA1 did
slightly increase the number of IL-17A* cells (Figure 2F,G).
Since the increase in ILC3s by in vivo rhSAA1 treatment
was much higher (Figure 2D), factors other than SAA may
induce the proliferation of ILC3s. To identify those fac-
tors, we compared the expression of innate cytokines that
can stimulate ILCs and found that only Ilib expression
was elevated after rhSAA1 administration (Figures 2H and
S4A). The increase in IL-13 by rhSAA1 was also confirmed
by flow cytometry (Figure 21,J), and IL-13-producing cells
were mostly neutrophils (Figures 2K,L and S4B). When
naive neutrophils derived from bone marrow were stim-
ulated with rhSAAL1 in vitro, the expression of Il1b (Fig-
ure 2M) and of receptors that are known to recognise SAA,
namely, formyl peptide receptor 2 (Fpr2), Toll-like receptor
2 (TIr2) and TIr4’ was increased (Figure S4C). However,
this upregulation was not observed in ILCs (Figure S4D).
Moreover, the frequency of neutrophils in the sputum was
higher in COPD patients with emphysema (Figure 2N). In
the sputum, neutrophils and IL-15 show a positive corre-
lation, and IL-18 was elevated in emphysematous COPD
patients (Figure 20,P).

Based on these results, we hypothesised that neutrophils
recognise SAA and secrete the ILC3-stimulating cytokine
IL-18, thereby inducing ILC3s to proliferate. To test this, we
depleted the neutrophils or blocked IL-15 and confirmed
that these treatments significantly improved the emphy-
sema phenotypes (Figure 3A,B). Moreover, the deple-
tion/blocking of neutrophils or IL-18 drastically decreased
Ki67+1L-17A*ILC3s in the lungs (Figure 3C,D). Next, we
depleted ILCs to determine their role in emphysema using
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FIGURE 1 SAA and ILC3s are increased in mouse models of emphysema. (A) Schematic representation of the experimental protocol. To
model the chronic phase of emphysema, Ragl™~ mice were treated with lipopolysaccharide (LPS) and porcine pancreatic elastase (PPE) at
Days 0, 7, 14 and 21, and then sacrificed 7 days after the final dose. (B) Representative images of lungs from phosphate-buffered saline (PBS)-
or LPS/PPE-treated Ragl™~ mice. Scale bars, 500 um. (C) The relative expression of Saal and Saa3 from lungs and livers including
non-parenchymal cells and hepatocytes after induction of emphysema. (D, E) Flow cytometry analysis of SAA* cells in Ragl™~ mice (D) and
the frequency of SAA™ cells (E). (F) The level of SAAL1 in induced sputum of chronic obstructive pulmonary disease (COPD) patients without
emphysema (n = 9) and COPD patients with emphysema (n = 41). (G) The source of SAA in Ragl™~ mice in emphysema model. (H) Pie chart
of the percentages of cells secreting SAA in the lungs of Ragl~~ mice. (I) Representative flow cytometry dot plots of IFN-y, IL-13 and IL-17A
production by innate lymphoid cells (ILCs; CD45* Lin"CD90.2" cells). (J) Quantification of production of cytokines from ILCs. (K) The
proportion of ILC3s (CD45" Lin-CD127*ST-2"C-kit") in the induced sputum of the COPD patients without emphysema (n = 9) and COPD
patients with emphysema (n = 41). n.s.: non-significant, *p < .05, **p < .01, ***p <.001 and ****p < .0001, statistically analysed by unpaired
t-test. The data are representative of 2-3 independent experiments and are presented as the mean + SEM
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FIGURE 2 ILC3sare increased in the SAA-induced emphysema model. (A) Schematic diagram of the SAA-induced emphysema model.

Recombinant human SAA1 (5 ug) was injected intratracheally at Day 0. (B) Microscopic analysis of the lungs of mice with SAA-induced
emphysema on Day 3 by hematoxylin and eosin (H&E) staining. Scale bars, 500 um. (C) Kinetic analysis of IFNy, IL-13 and IL-17A*ILCs after
rhSAAL injection. (D) Ki67 expression by IL-17A*ILCs at Day 3. (E) Comparison of Ki67-expressing IL-17A* ILCs in PBS- and rhSAAl-injected
mice at Day 3. (F) Flow cytometry of IL-17A*ILCs 3 days after in vitro rhSAA1 treatment. (G) Comparison of IL-17A-producing ILCs 3 days
after in vitro SAA treatment. (H) Expression of Il1b in the lungs of mice with SAA-induced emphysema. (I,J) Comparison of the frequency of
IL-18* cells between PBS- and SAA-injected mice; dot plot (I) and quantification (J). (K) The number of IL-18* cells in the lungs of mice with
SAA-induced emphysema. (L) Pie chart of IL-18 secreting immune cells in the lung; cells were gated as Figure S4B. (M) Expression of Il1b in
bone marrow-derived neutrophils after SAA treatment in vitro. (N) The proportion of neutrophils

(CD45*CD68"SSC-Ahigh CD16+ CD24inermediate) i the induced sputum of COPD patients without emphysema (n = 9) and COPD patients with
emphysema (n = 41). (O) Correlation between neutrophils and IL-13 level in sputum. (P) Comparison of IL-13 level in sputum between
non-emphysematous COPD patients and emphysematous COPD patients. *p < .05, **p <.01, *** p <.001 and ****p < .0001, analysed by
unpaired t-test and one-way ANOVA followed by Bonferroni’s post-test. The data are representative of 2-3 independent experiments and are
presented as the mean + SEM
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FIGURE 3 Neutrophil-derived IL-133 activates ILC3s in the SAA-induced emphysema model and IL-17A* ILCs are essential for the
development of emphysema. (A) Schematic diagram of Ly6G blocking and IL-13 neutralisation in the SAA-induced emphysema model.

(B) H&E staining of the lungs after anti-Ly6G or anti-IL-18 antibody administration in the SAA-induced emphysema model. Scale bars,

500 pum. (C) Comparison of the frequency of Ki67+IL-17A* ILCs after anti-Ly6G or anti-IL-18 antibody treatment. (D) Ki67*IL-17A* ILCs after
anti-Ly6G or anti-IL-13 antibody treatment in the SAA-induced emphysema model. (E) Schematic diagram of ILC depletion with a Thy1.2
antibody in the acute phase of LPS and PPE-induced emphysema in Ragl ™~ mice. (F) H&E staining of the lungs after Thy1.2 antibody
administration in LPS and PPE-induced emphysema. Scale bars, 500 um. (G) Representative dot plots of IL-17A* ILCs after Thy1.2 antibody
administration. (H) Quantitation of IL-17A* ILCs after Thy1.2 antibody administration. (I) Representative dot plots of neutrophils after Thy1.2
antibody treatment. (J) Quantitation of neutrophils after Thyl.2 antibody administration. n.s.: non-significant, *p < .05, ***p <.001 and

*¥kp <.0001, by unpaired t-test and one-way ANOVA followed by Bonferroni’s post-test. The data are representative of 2-3 independent
experiments and are presented as the mean + SEM
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FIGURE 4 ILC3sinduce the expression of matrix metalloproteinase-12 (MMP12)from neutrophils in emphysema. (A) The relative gene
expression of MMPs from lungs of LPS and PPE-induced emphysema model. (B) The expression of Mmp12 from lungs of Ragl~~ mice after
treatment of LPS and PPE with anti-Thy1.2 blocking antibody (as in Figure 3E). (C) Intracellular staining of MMP12 from epithelial cells
(CD45 EpCAM™), neutrophils (CD45*CD11b*Ly6G™), alveolar macrophages (alveolar me; CD45" CD11b-Ly6G~SiglecF"), interstitial
macrophages (interstitial me; CD45" Ly6G~SiglecF-CD11c F4/807), and dendritic cells (CD45%Ly6G™SiglecF F4/80-CD1lc*MHCII') in lungs
of LPS and PPE-induced emphysema model. (D) Mean fluorescence intensity (MFI) of MMP12 from each cell population. (E) Schematic
diagram of co-culture of naive neutrophils from lungs and activated ILC3s from LPS and PPE-treated lungs. To activate ILC3s, the
combination of rmIL-2, rmIL-7, rmIL-15 and rmIL-23 was added, and to neutralising IL-17A, anti-IL-17A neutralising antibodies were treated.
(F) Immunofluorescence staining of neutrophils after co-cultured with ILC3s. Anti-myeloperoxidase (MPO) (green), anti-MMPI12 (red) and
4’,6-diamidino-2-phenylindole (DAPI) (blue) were stained for analysis. Scale bars, 2 um. (G,H) Comparison of MMP12 expression from
neutrophils after co-cultured with ILC3s and anti-IL-17A neutralising antibodies. Histogram (G) and MFI (H). (I,N) The correlation
coefficients were analysed in the induced sputum of the COPD patients with emphysema; Correlation between the level of SAA1 and
neutrophils (I), between the SAA1 level and ILC3s (J), between neutrophils and ILC3s (K), between SAA1 level and the FEV,/FVC ratio (L),
between neutrophils and the FEV,/FVC ratio (M), and between ILC3s and the FEV,/FVC ratio (N). **p < .01 and ****p < .0001, by unpaired
t-test, one-way ANOVA followed by Bonferroni’s post-test and the Spearman correlation coefficients. The data are representative of 2-3
independent experiments and are presented as the mean + SEM.



LETTER TO EDITOR

60f7 CLINICAL AND TRANSLATIONAL MEDICINE
_

Ragl™~ mice (Figure 3E). ILC depletion not only reduced
IL-17A-producing ILC3s but also significantly ameliorated
the histological features of emphysema (Figure 3F-H).
Notably, ILC depletion did not affect the infiltration of neu-
trophils into the lung (Figure 31,J). These results suggest
that ILC3s rather than neutrophils are critical for the devel-
opment of emphysema.

To understand how ILC3s induced the emphysema,
we first measured the gene expression of matrix met-
alloproteinases (MMPs)-1, 2, 8, 9 and 12, which play
essential roles in the development of emphysema.® Only
Mmpl2 expression was significantly increased in the
lungs from LPS/PPE-treated Ragl™~/~ mice (Figure 4A) and
reduced by ILC depletion (Figure 4B). Although alveolar
macrophages expressed the highest MM P12 levels, they did
not change with emphysema. Instead, neutrophils signifi-
cantly increased the expression of MMP12 in the emphy-
sema condition (Figure 4C,D). Therefore, we hypothe-
sised that ILC3s induce neutrophils to express MMP12
in the emphysematous lung. To test this, we co-cultured
naive neutrophils with activated ILC3s and measured the
expression of MMP12 (Figure 4E). MMPI12 expression in
the neutrophils was low but elevated when neutrophils
were co-cultured with activated ILC3s (Figures 4F and
S5A-B). This was also confirmed by flow cytometry, and
IL-17 blockade abrogated the MMPI12 expression in the
neutrophils (Figure 4G,H). Thus, ILC3s induce emphy-
sema by promoting the MMPI12 secretion of neutrophils.
Finally, we asked whether this SAA-neutrophil-ILC3 axis
is also involved in the pathogenesis of the emphysema phe-
notype in COPD patients. SAA1, neutrophils and ILC3s
were increased in the induced sputum from emphysema-
tous COPD patients and were positively correlated with
each other (Figure 4I-K). Moreover, lung function was
decreased significantly as the lung neutrophils and ILC3s
increased (Figure 4L-N). Together, these data suggest that
the SAA-neutrophil-ILC3 axis is also applicable to COPD
patients with emphysema.

In conclusion, although the role of ILC3s in lung dis-
ease has been underestimated due to the rarity, the cur-
rent study suggested that lung-resident ILC3s may be criti-
cal regulators of emphysema and perhaps also acute exac-
erbation of chronic obstructive pulmonary diseases. The
present study showed that ILC3s and neutrophils recip-
rocally interact to induce emphysema, but ILC3s may be
the key emphysema-inducing cells: This is shown by the
fact that (1) ILC3 depletion improved the emphysema even
in the presence of neutrophils, and (2) ILC3 depletion in
emphysema-induced mice eliminated the ability of neu-
trophils to produce MMP12. Therefore, ILC3-neutrophils
could be applied to COPD patients with emphysema
through IL-17A-based immunotherapy. To this end, how
ILC3s are specifically targeted to modulate local immune
responses requires further exploration.
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