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ABSTRACT
Introduction  Altered complement component 3 (C3) 
activation in patients with alpha-1 antitrypsin (AAT) 
deficiency (AATD) has been reported. To understand the 
potential impact on course of inflammation, the aim of 
this study was to investigate whether C3d, a cleavage-
product of C3, triggers interleukin (IL)-1β secretion via 
activation of NOD-, LRR- and pyrin domain-containing 
protein 3 (NLRP3) inflammasome. The objective was 
to explore the effect of AAT augmentation therapy in 
patients with AATD on the C3d/complement receptor 
3 (CR3) signalling axis of monocytes and on circulating 
pro-inflammatory markers.
Methods  Inflammatory mediators were detected in 
blood from patients with AATD (n=28) and patients 
with AATD receiving augmentation therapy (n=19). 
Inflammasome activation and IL-1β secretion were 
measured in monocytes of patients with AATD, and 
following C3d stimulation in the presence or absence of 
CR3 or NLRP3 inhibitors.
Results  C3d acting via CR3 induces NLRP3 and pro-
IL-1β production, and through induction of endoplasmic 
reticulum (ER) stress and calcium flux, triggers caspase-1 
activation and IL-1β secretion. Treatment of individuals 
with AATD with AAT therapy results in decreased 
plasma levels of C3d (3.0±1.2 µg/mL vs 1.3±0.5 µg/
mL respectively, p<0.0001) and IL-1β (115.4±30 pg/
mL vs 73.3±20 pg/mL, respectively, p<0.0001), with a 
2.0-fold decrease in monocyte NLRP3 protein expression 
(p=0.0303), despite continued ER stress activation.
Discussion  These results provide strong insight into 
the mechanism of complement-driven inflammation 
associated with AATD. Although the described variance 
in C3d and NLRP3 activation decreased post AAT 
augmentation therapy, results demonstrate persistent 
C3d and monocyte ER stress, with implications for new 
therapeutics and clinical practice.

INTRODUCTION
Alpha-1 antitrypsin (AAT) is a 52 kDa glycosylated 
protein synthesised primarily by hepatocytes. It is 
the archetypal serine protease inhibitor, capable 
of exerting potent anti-inflammatory and immu-
nomodulatory effects.1 AAT deficiency (AATD) is 
a rare hereditary disorder, accounting for 2%–3% 
of all instances of emphysema, and results from 

mutations in the SERPINA1 gene on the long arm 
of chromosome 14. The most pathogenic allele is 
Pi*Z which occurs in >95% of individuals with 
AATD, with homozygosity affecting severe plasma 
deficiency.2 In ZZ-AATD, the misfolded Z protein 
accumulates in the endoplasmic reticulum (ER) 
of hepatocytes,3 leading to a gain of function and 
predisposition to liver cirrhosis, but also a failure 
to secrete protective levels of AAT into the systemic 
circulation.4 The subsequent loss of function is 
characterised at the lung by insufficient protection 
of the alveoli from proteolytic damage, with lung 
disease presenting as early as the fourth or fifth 
decade of life.5 6 Intravenous augmentation therapy 
with plasma-purified AAT is an approved treatment 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ There are increased levels of the complement 
activation product C3d in the circulation and 
airways of individuals with alpha-1 antitrypsin 
(AAT) deficiency (AATD). Crucially however, 
there is a lack of knowledge on the impact of 
C3d on the course of inflammation in AATD.

WHAT THIS STUDY ADDS
	⇒ Plasma deficiency of AAT leads to increased 
C3d, and cognate receptor CR3 on circulating 
monocytes, with subsequent production of 
endoplasmic reticulum (ER) stress and IL-1β 
governed by the NLRP3 (NOD-, LRR- and pyrin 
domain-containing protein 3) inflammasome. 
Post AAT augmentation therapy, increased 
circulating levels of AAT corresponds with 
a reduction in C3d, leading to significantly 
reduced inflammasome activation and IL-1β 
production in vivo.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Results identify a positive impact of AAT 
therapy on monocytes, thereby modifying 
activities that trigger inflammation. However, 
persistent cellular ER-stress responses and 
NLRP3 activation highlight the need for 
developing multitargeted drug combinations for 
disease modification.
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available for AATD-associated emphysema, and the Randomised 
Trial of Augmentation Therapy in Alpha-1 Proteinase Inhibitor 
Deficiency (RAPID trial) and its open-label extension study 
RAPID-OLE, demonstrated a slowed progression of emphy-
sema.7 8 Nevertheless, these latter clinical trials were unsuccessful 
in determining changes in lung function,7 8 and therefore addi-
tional research on the effectiveness and mechanisms of action 
are required.

More recently, a greater understanding of the pathways leading 
to lung inflammation has shed light on AATD as an inflamma-
tory condition, in which proinflammatory mediators including 
interleukin-1β (IL-1β) and complement activation play a role.9 10 
In this regard, C3d levels were elevated in ZZ-AATD individuals 
compared with non-AATD patients with COPD, and correlate 
with radiographic evidence of emphysema and decline in lung 
function.10 While C3d deposition is a recognised complication 
after lung transplantation, associated with early bronchiolitis 
obliterans syndrome,11 the role of C3d in driving inflammation 
in AATD is unknown. In contrast, the proinflammatory cytokine 
IL-1β is strongly implicated in pulmonary disease with levels 
recorded in stable COPD and during an exacerbation, and in 
epithelial lining before the onset of symptomatic lung damage 
in AATD.12 The predominant complex driving IL-1β produc-
tion is the NOD-, LRR- and pyrin domain-containing protein 
3 (NLRP3) inflammasome, and markedly, NLRP3-deficient 
mice demonstrate a less severe COPD phenotype.13 A recent 
study reported NLRP3 expression in response to Alu RNA 
through TLR7 activation in AATD macrophages,14 however, 
C3d mediated signalling, linking complement activation to 
IL-1β production is unexplored. This study aimed to investigate 
IL-1β in AATD associated with NLRP3/caspase-1 inflammasome 

assembly uniquely responsive to C3d signalling, and to elucidate 
the impact of AAT augmentation therapy.

MATERIALS AND METHODS
Study design
Plasma samples donated by patients with AATD (Pi*ZZ pheno-
type) (n=38) were obtained from the Alpha-1 Foundation 
DNA and Tissue Bank at the University of Florida, USA and the 
National AATD Clinic in Beaumont Hospital, Ireland (n=9) 
(table 1) (n=47 total). Of the 47 patients with AATD, plasma 
was donated by 19 patients who were receiving AAT augmenta-
tion therapy administered intravenously at a dosage of 60 mg/kg 
body weight weekly. Healthy control (HC) volunteers (table 1) 
showed no evidence of any disease and had no respiratory symp-
toms; none were taking medication, all non-smokers and all 
proven MM phenotype with serum AAT concentrations within 
the normal range (23–28 µM). For the isolation of monocytes, 
patients with AATD were recruited from the National AATD 
Clinic in Beaumont Hospital, Ireland (table 2) or Icahn School 
of Medicine at Mount Sinai (table 3).

A detailed description of the methodology is provided in 
the methodology section of online supplemental file 2. In 
brief, purified monocytes were assessed for NLRP3 and IL-1β 
expression by Real-Time quantitative Polymerase Chain Reac-
tion (qRT-PCR), sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and western blotting. IL-1β, tumour necrosis 
factor-α (TNF-α) and C3d were measured by ELISA, and 
caspase-1 activity was detected by bioluminescence. Intracellular 
calcium (Ca2+) was measured by fluorometric assay. C3d and 
CR3 membrane expression was measured by flow cytometry. A 

Table 1  Characteristics of patients with AATD and those receiving AAT augmentation therapy from the Alpha-1 Foundation DNA and Tissue Bank 
at the University of Florida, USA and the National Alpha-1 Antitrypsin Deficiency Clinic in Beaumont Hospital, Ireland

Healthy control donors AATD without augmentation therapy AATD with augmentation therapy P value

Number of participants 16 28 19

Age, years (mean±SD) 34.6±7.2 60.6±13.0 55.6±7.1 0.1546

Gender (male/female) 7/9 16/12 8/11 –

AAT genotype (MM/ZZ) 16/0 0/28 0/19 –

Baseline plasma AAT (μM) 25.0±3.0 5.2±1.8 20.0±7.0 <0.0001

Former smokers (%) 0 71.42 63.15 –

Emphysema (%) 0 35.71 63.15 –

Genotyping and phenotyping of patients with AATD are as described in the online supplemental methodology section. Data are expressed as number or mean±SD. Comparisons 
between patients with AATD and those receiving AAT augmentation therapy was performed using non-parametric Kolmogorov-Smirnov t-test. Plasma from healthy donors and 
patients was used in experiments of figure 1.
AAT, alpha-1 antitrypsin; AATD, alpha-1 antitrypsin deficiency.

Table 2  Clinical details of the healthy control donors and patients with AATD, who donated blood for monocyte isolation and were recruited from 
the National Alpha-1 Antitrypsin Deficiency Clinic in Beaumont Hospital, Ireland

Healthy control donors AATD without augmentation therapy P value

Number of participants 24 6

Age, years (mean±SD) 49.62±13.92 55.86±15.08 0.0763

FEV1 (% predicted) 98.60±11.17 45.16±22.88 0.0001

FEV1/FVC (% predicted) 59.15±20.72 54.30±15.00 0.9853

DLCO % predicted (%) – 63.33±11.00 –

Data are expressed as number or mean±SD. Monocytes were isolated from blood of healthy control donors and individuals with AATD and used in experiments of figures 2–7A. 
Descriptive statistical comparisons by groups performed using non-parametric Kolmogorov-Smirnov t-test.
AATD, alpha-1 antitrypsin deficiency; DLCO, diffusing capacity of lung for carbon monoxide; FEV1, forced expiratory volume in 1 s (% predicted); FVC, forced vital capacity (% 
predicted).
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complete list of inhibitors, primers and antibodies used are avail-
able in supplementary methodology (online supplemental tables 
1–3, respectively).

Statistical analysis
Data were analysed using GraphPad Prism V.8.0 for PC. Appro-
priate descriptive statistics (eg, mean, SD, median, frequencies 
and counts) were used to describe patient characteristics and 
outcomes of interest. Statistical significance was calculated 
using a Student’s t-test when comparisons were made between 
two groups when normally distributed. Non-normal data were 
analysed by the two tailed non-parametric Mann-Whitney U 
test. Linear and multiple regression modelling was employed to 
examine the significance of any relationship within, or between, 
the clinical data. Adjustment was performed for covariates that 
included age and was reported using the standardised analysis 
of covariance (ANCOVA). Two tailed non-parametric Spearman 
correlation test was used to determine the positive and/or nega-
tive correlation between two continuous variables. One-way 
analysis of variance (ANOVA) was used to determine statistical 
significance when comparing three or more groups followed by 
Tukey’s posthoc multiple comparison test. A value of p<0.05 
was considered statistically significant.

RESULTS
AAT augmentation therapy impacts C3d and IL-1β plasma 
levels in patients with AATD
Plasma samples were isolated from patients with AATD who were 
receiving augmentation therapy (n=19), patients with AATD 
who had never received augmentation therapy (n=28) and also 
healthy individuals (n=16) (table  1). Significantly increased 
plasma levels of AAT were detected in patients receiving AAT 
therapy compared with patients not receiving weekly infu-
sions (20±7.0 vs . 5.2±1.8 µM, p<0.0001) (figure  1A). By 
use of a specific ELISA for a neo-epitope exposed only on C3d, 
levels were quantified in patients with AATD. Plasma C3d was 
detected in significantly higher concentrations in samples of 
AATD compared with HC (range: 1.2–6.6 µg/mL vs 0.2–0.6 µg/
mL, p<0.0001), and were significantly reduced in AATD plasma 
of patients receiving AAT augmentation therapy (range: 0.5–2.2 
µg/mL, p<0.0001) (figure 1B). Moreover, mean plasma IL-1β 

levels were significantly higher in AATD samples compared 
with HC (115.4±30 pg/mL vs 17.5±6.0 pg/mL, p<0.0001), 
but significantly decreased levels were detected in samples of 
patients receiving AAT therapy (73.3±20 pg/mL, p<0.0001) 
(figure  1C). Of note, on comparing samples of AATD post 
augmentation therapy to HC, results revealed that neither C3d 
(range: 0.6–2.1 µg/mL vs 0.1–0.3 µg/mL, p=0.0095) nor IL-1β 
levels decreased to HC levels (range: 31.3–99.4 pg/mL vs 11.0–
30.0 pg/mL, p<0001). Although an inverse correlation was 
detected between AAT and C3d (r=−0.7101, 95% CI: −0.8283 
to −0.5313, p<0.0001) and AAT and IL-1β (r=−0.6489, 95% 
CI: −0.8182 to −0.4951, p<0.0001) (online supplemental 
figure 1A, B), in contrast, a significant positive correlation was 
recorded between plasma C3d and IL-1β (r=0.7160, 95% 
CI: 0.5399 to 0.832, p<0.0001) (figure 1D), which remained 
significant following correction for age (β=0.0059, p=0.0001). 
These results prompted an investigation into the mechanism, 
and impact, of C3d-induced IL-1β production.

CR3 receptor inhibition blocks C3d-induced IL-1β expression 
in monocytes
Physiologically relevant concentrations of exogenous C3d (2.5 
µg/mL) triggered release of IL-1β by monocytes (38.5±6.0 pg/
mL; p=0.0002) and reached a plateau at approximately 10 µg/
mL C3d (120±15.0 pg/mL, p<0.0001), a concentration used 
in further experiments (online supplemental figure 1C). CR3 
can bind to the C3d fragment of C3,15 and in the current study 
the ability of monocyte CR3 to recognise and bind C3d was 
confirmed by flow cytometry (online supplemental figure 1D). 
In control experiments, the inclusion of a CR3 blocking anti-
body (clone mAb 107) known to target the CR3 ligand-binding 
domain, blocked C3d receptor engagement (~56% reduction, 
p=0.0006) (online supplemental figure 1E). Selectness for 
C3d was confirmed as other complement fragments, including 
C5, generated significantly reduced levels of IL-1β compared 
with C3d (14.2±3.0 pg/mL vs 120±17.0 pg/mL; p<0.0001) 
(figure 2A). Moreover, C3d is formed by the cleavage of C3a, 
and produced significantly increased levels of IL-1β compared 
with the larger C3a molecule (120±17.0 pg/mL vs 58.6±8.4 
pg/mL; p<0.0001). A positive control for this latter experi-
ment included lipopolysaccharide (LPS) in combination with 

Table 3  Clinical details of healthy control subjects and patient with AATD cohorts either receiving or not receiving AAT augmentation therapy from 
Icahn School of Medicine at Mount Sinai

Healthy controls AATD without augmentation therapy AATD with augmentation therapy P value

Number of samples 8 6 6

Age, years (mean±SD) 49.1±13.3 53.3±12.2 54.3±8.6 0.6798

Gender (male/female) 5/3 3/3 4/2 0.9845

Baseline plasma AAT (μM) 25.2±5.0 6.7±3.4 14.5±2.8 <0.0001

Former smokers (%) 0 83.3 83.3 0.0022

FEV1 % predicted (%) – 55.3±20.5 51.4±15.7 0.5655

FVC % predicted (%) – 86.3±12.3 84.4±13.3 0.7218

FEV1/FVC % (%) – 55.3±20.5 51.2±9.3 0.5203

DLCO % predicted (%) – 61.3±16.9 57.3±15.2 0.6757

Six patients were receiving plasma purified AAT from CSL Behring (Zemaira). HC and patient samples were employed in figure 5B and figure 7B–F. For AATD five out of six 
samples were used for mRNA and three out of six samples were used for protein expression, determined by sample availability. Descriptive statistical comparisons by groups 
performed and p values shown.

DLCO, diffusing capacity of lung for carbon monoxide; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity (% predicted).
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adenosine-5′-triphosphate (figure  2A), known to trigger IL-1β 
secretion by monocytes via the purinergic receptor P2×7R.16

Previous immune cell studies have identified NLRP3 as a 
key driver of IL-1β.16 In monocytes, IL-1β protein production 
in response to C3d was inhibited by the inclusion of MCC950 
(37.0±8.0 pg/mL vs 127.5±13.0 pg/mL; p<0.0001), an inhib-
itor of the NLRP3 inflammasome (figure 2B).17 Moreover, C3d 
caused a significant 20-fold increase in NLRP3 (p<0.0001) and 
a 25-fold increase in pro-IL-1β (p<0.0001) mRNA expression, 
an effect averted by the CR3 blocker (p=0.0004 and p=0.0003, 
respectively) (figure 2C, D). Accordingly, by western blot anal-
ysis, a 5- fold increase in NLRP3 (p=0.0021) and a 10-fold 
increase in pro-IL-1β (p=0.0015) protein levels were detected in 
whole cell lysates of C3d challenged cells (figure 2E, F). Collec-
tively, these results indicate that C3d-induced IL-1β production 
is CR3-NLRP3-dependent.

NLRP3 inflammasome is driven by C3d-induced NF-kβ 
signalling through the PI3K/AKT pathway in monocytes
Nuclear factor kappa β (NF-κβ) is a central mediator of the priming 
signal of NLRP3 inflammasome activation and acts by inducing 
the transcriptional expression of pro-IL-1β.18 Phosphorylation 
of nuclear factor of kappa light polypeptide gene enhancer in 
B-cells inhibitor-alpha (Ikβ-α) and subsequent degradation, 
releases the transcriptional activity of NF-κβ. In the current study, 
following exposure of monocytes to C3d, there was a significant 
20-fold decrease in total Ikβ-α (p<0.0001) (online supplemental 
figure 2A). Preincubation with BAY 11–7082 (NF-κβ inhib-
itor) (p=0.0018), clone mAb 107 (CR3 blocker) (p=0.0085), 

LY-294002 (PI3 kinase inhibitor) (p=0.0050) or isobavachal-
cone (AKT inhibitor) (p=0.0079), blocked C3d-induced Ikβ-α 
degradation, by a minimum of 15-fold for each inhibitor (online 
supplemental figure 2A). Since NF-κβ can be activated through 
phosphatidylinositol 3-kinase (PI3K) and its major downstream 
kinase Akt,19 we investigated whether PI3K/Akt contributes to 
C3d-induced NF-κβ activation. Following the C3d challenge to 
monocytes, a significant 10-fold increase in phosphorylation of 
the p85 regulatory subunit of PI3K (p=0.0038) (online supple-
mental figure 2B) and Akt (p=0.0031) (figure 3A) was observed. 
As Akt phosphorylation was significantly inhibited by inclusion 
of Akt (p=0.0011), PI3K (p=0.0039) and NF-κβ inhibitors 
(p=0.0031) (figure 3A), this would suggest that C3d binding to 
CR3 triggers Akt activation by PI3K and that Akt is the upstream 
molecule of NF-κβ activity. In concurrence, C3d-induced mRNA 
expression of pro-IL-1β was significantly decreased by BAY 
11-7082 (p<0.0001), clone mAb 107 (p<0.0001), LY-294002 
(p<0.0001) and isobavachalcone (p<0.0001) (figure 3B), with 
a minimum 9-fold reduction observed for each inhibitor. This 
observation was further confirmed on the IL-1β protein level 
by ELISA of cell supernatants (40±5.0 pg/mL vs 120±17.0 pg/
mL; p<0.0001) (figure 3C). Of note, the effect of C3d on NF-κβ 
activation also leads to production of TNF-α and in response 
to 2.5 µg/mL or 10 µg/mL C3d a significant increase in TNF-α 
was detected (38.5±6.0 and 121±15.0 pg/mL; p=0.0112 
and p=0.0165, respectively) (online supplemental figure 2C). 
Collectively this block of experiments demonstrates that inhibi-
tion of NF-κβ activation abrogates the stimulatory effects of C3d 
on proinflammatory cytokines, including pro-IL-1β production.

Figure 1  Increased plasma IL-1β and C3d levels in AATD are decreased post AAT augmentation therapy. Levels of AAT (A), C3d (B) or IL-1β (C) 
were determined in plasma of healthy control subjects (HC, n=16), patients with AATD who are not on AAT therapy (n=28) and patients with AATD 
receiving weekly AAT augmentation therapy (AATD+AAT Aug, n=19). Significance was tested by one-way ANOVA, followed by Tukey’s posthoc 
multiple comparison test. (D) Positive correlation between C3d and IL-1β plasma levels (n=47; p<0.0001, two-tailed non-parametric Spearman 
correlation test). AAT, alpha-1 antitrypsin; AATD, alpha-1 antitrypsin deficiency; HC, healthy control.
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Monocytes of patients with AATD demonstrate increased NF-
kβ signalling and NLRP3 inflammasome activation
Next we investigated the C3d:CR3 proinflammatory signalling 
axes in AATD monocytes. By flow cytometry, C3d was found 
significantly increased by 2.27-fold on the outer membrane 
surface of circulating AATD monocytes compared with HC 
cells (9927±2033 vs 4355±1065 mean fluorescence intensity 
(MFI), p=0.0020) (figure 4A). AATD monocytes also expressed 
significantly higher levels of the cognate receptor, with ~2-fold 
increase in CR3 membrane expression (p=0.0022) (figure 4B). 
A potential consequence of increased C3d membrane expres-
sion was explored, and downstream NF-κβ activation revealed 
a significant 4-fold decrease in total Ikβ-α protein expression 
(p<0.0001), a corresponding significant 2-fold increase in p85 
(p=0.0022) (online supplemental figure 3A, B, respectively) and 
2.5-fold increase in Akt phosphorylation levels in AATD mono-
cytes (p=0.0022) (figure 4C).

In agreement with increased C3d and NF-κβ activation 
components, AATD monocytes demonstrated a 4.5-fold increase 
in levels of NLRP3 in comparison to HC cells (p=0.0010) 

(figure  4D, E). Experiments were expanded to investigate the 
impact of supplementing additional C3d in reactions. A signifi-
cant difference was observed for both HC and AATD monocytes 
following C3d activation, with a 2.5-fold increase in NLRP3 
protein expression levels recorded compared with untreated 
cells (p=0.0046 and p=0.0306, respectively) (figure  4D, E). 
Additionally, experiments explored pro-IL-1β levels in resting 
and C3d-challenged HC and AATD monocytes, with results 
mirroring those obtained for NLRP3. In comparison to HC 
cells, both resting and C3d-activated AATD monocytes demon-
strated a 4-fold and 2.5-fold increase in pro-IL-1β protein levels 
(p=0.0040 and p=0.0107, respectively) (figure  4D,F). From 
this set of experiments, we conclude that disproportionate C3d-
induced CR3 signalling in circulating AATD monocytes leads to 
increased intracellular levels of NLRP3 and pro-IL-1β.

C3d-induced ER stress and NLRP3 inflammasome activation
A range of signals may promote the inflammasome assembly 
including increased ER stress and intracellular Ca²+, leading 

Figure 2  C3d signalling via CR3 triggers NLRP3 inflammasome activation and IL-1β release. Monocytes remained untreated (Con) or challenged 
with C3d, C3a, C5 (10 µg/mL) or ATP (3 mM) and LPS (50 ng/mL) (A), or MCC950 (1 µM) (B), and extracellular levels of IL-1β determined by ELISA 
(n=6 biological repeats, one-way ANOVA, followed by Tukey’s posthoc multiple comparison test). (C&D) NLRP3 (C) or pro-IL-1β (D) Real-Time 
quantitative Polymerase Chain Reaction of monocyte mRNA (fold change) post C3d treatment (10 µg/mL) with or without CR3 blocking antibody 
(C3d blocker, n=6 biological repeats, one-way ANOVA, followed by Tukey’s posthoc multiple comparison test). HC monocytes (1×105) were incubated 
with C3d, C3a, C5 or ATP and LPS. Cell lysates were collected and western blotted for NLRP3 (E) or pro-IL-1β (F). All results are expressed as relative 
densitometry units (DU), with representative western blots presented (n=6 biological repeats, one-way ANOVA, followed by Tukey’s posthoc multiple 
comparison test). HC, healthy controlIL-1β, interleukin-1β; LPS, lipopolysaccharide; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3.
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to caspase-1 activity.20 We set out to determine whether C3d 
could induce this phenomenon. First, the protein expression of 
the ER stress-associated transcription factor ATF6 and the chap-
erone protein GRP78 in whole-cell lysates isolated from HC 
monocytes post C3d exposure was evaluated (10 µg/105 cells). 
Western blot results demonstrate a significant 4-fold increase in 
the active form of ATF6 (cleaved ATF6) (figure 5A) and 8-fold 
increase in GRP78 (online supplemental figure 4A) protein 
expression in monocytes in response to C3d (p=0.0003 and 
p=0.0053, respectively). Positive and negative controls for this 
experiment included the treatment of cells with the ER stress 
inducer thapsigargin (100 nM)21 or the inclusion of the CR3 
blocker, respectively (figure 5A).

Next we investigated basal and C3d engendered ER stress in 
AATD cells, as polymers of AAT protein are implicated in ER 

stress.22 By use of a specific monoclonal antibody (2C1) that 
recognises AAT polymers,23 high concentrations of circulating 
polymers were recorded in AATD plasma (range: 240.55–
1239.17 µg/mL), although, no relationship was detected 
between the plasma C3d level or IL-1β and the plasma polymer 
level in these patients (online supplemental figure 4B, C, respec-
tively). Additionally, a signal for AAT polymers was detected in 
whole cell lysates of AATD monocytes (4.12±1.6 vs 0.25±0.05 
ng/mg, p=0.0045), with significantly increased levels detected 
in C3d challenged AATD cells compared with untreated mono-
cytes (7.12±2.5 vs 4.12±1.6 ng/mg, p=0.0250) (online supple-
mental figure 4D). In keeping with increased cellular polymers, 
gene expression of ER stress markers ATF6 and the second 
marker, GRP78, were significantly increased in AATD mono-
cytes (figure 5B and online supplemental figure 4E, respectively) 

Figure 3  C3d activation of the PI3K/Akt–NF-κβ pathway. (A) Expression levels of AKT post C3d (10 µg/1×105 cells) treatment was measured by 
western blot analysis of monocyte whole cell lysates. Controls included preincubation with BAY 11-7082 (NF-κβ inhibitor, 5 µg/mL), CR3 blocker 
(clone mAb 107, 1 µg/mL), LY-294002 (LY) PI3 kinase inhibitor, 10 µM) or isobavachalcone (Isob) (AKT inhibitor, 5 mM) for 30 min prior to C3d 
challenge. Phosphorylation levels were normalised to respective total protein. Results are expressed as DU, with representative western blots 
presented (n=6 biological repeats, one-way ANOVA, followed by Tukey’s posthoc multiple comparison). (B) The effect of C3d (10 µg/mL) on pro-IL-1β 
mRNA levels by qPCR analysis and protein levels by ELISA (C) with or without the inclusion of CR3 and NF-κβ blockers (n=6 biological replicates, one-
way ANOVA, followed by Tukey’s posthoc multiple comparison test). Data are expressed as mean±SD. DU, densitometry units; IL-1β, interleukin-1β; 
LPS, lipopolysaccharide.
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(p=0.0315 and p=0.0003, respectively). To corroborate this 
phenomenon, we used a Serpina1a-e knockout mouse model 
that lacks AAT expression and polymers.24 Results demonstrate 
that monocytes of Serpina1a-e−/− mice lack ER stress and possess 
similar gene expression levels of GRP78 and ATF6, compared 
with wild-type mice (p=0.4206 and p=0.6905, respectively) 
(online supplemental figure 5A, B). Serpina1a-e−/− mice also 
express similar levels of NLRP3 and IL-1β (p=0.5476 and 
p=0.2222, respectively) (online supplemental figure 5C, D). 
Moreover, AATD human monocytes not only exhibited higher 
protein expression of the ER stress markers ATF6 in resting non-
stimulated cells compared with HC cells (p=0.0008) (figure 5C), 
but also in response to C3d. AATD monocytes showed a distinct 
sensitivity to C3d with a significant 1.8-fold increased ATF6 
expression recorded compared with untreated AATD monocytes 
(p=0.0054) or C3d-treated HC cells (p<0.0001) (figure  5C), 
with similar results recorded for GRP78 (online supplemental 
figure 6).

As ER stress can lead to alterations in Ca2+ homeostasis,25 
subsequent studies investigated the impact of C3d on cyto-
solic Ca2+ levels. To this end, a significant 8-fold increase in 
Ca2+ in cytosols of monocytes treated with C3d was recorded 
(p<0.0001), although lower than the ATP/LPS-induced increase 

in intracellular Ca2+ (p=0.0247) (figure 6A). Additionally, C3d 
challenged monocytes showed a 4.3-fold increase in caspase‐1 
activity (p<0.0001), that in vitro was attenuated with the C3d 
blocker (p<0.0001) (figure 6B). Findings were further corrob-
orated in AATD monocytes, which in comparison to HC cells, 
demonstrated a significant increase in cytosolic Ca2+ levels 
(p<0.0001) (figure  6C) and ~4.5 fold increase in caspase-1 
activity (p<0.0001) (figure  6D). Moreover, in the presence 
of C3d, AATD monocytes expressed a further significant 1.3-
fold increase in intracellular Ca2+ levels and 1.4-fold increase 
in caspase-1 activity compared with counterpart untreated 
cells (p=0.0373 and p=0.0084, respectively) (figure  6C, D). 
Taken together, the above results indicate that ER stress in 
circulating AATD monocytes leads to increased cytosolic Ca2+ 
and caspase-1 activity, a phenomenon further exacerbated by 
C3d:CR3 signalling.

Plasma-purified human AAT in vitro and in vivo is associated 
with reduced C3d-induced IL-1β
IL-1β is recognised to play an important role in emphysema 
and in the current study a negative correlation between the 
diffusing capacity of the lungs for carbon monoxide (DLCO) 

Figure 4  The CR3:C3d signalling pathway is increased in the monocytes of patients with AATD. C3d (A) or CR3 (B) levels were measured on the 
outer plasma membranes of monocytes isolated from AATD or HC by flow cytometry (n=6 subjects per group, non-parametric Mann-Whitney U 
test). (C) Expression levels of AKT in AATD or HC subjects measured by western blot analysis of monocyte whole cell lysates. Phosphorylation levels 
were normalised to respective total protein. Results are expressed as DU, with representative western blots presented (n=6 subjects per group, 
non-parametric Mann-Whitney U test). (D–F) NLRP3 (D and E) or pro-IL-1β (D and F) protein was detected by western blot analysis in HC or AATD 
monocytes either untreated or treated with C3d (10 µg/mL). Data are expressed as relative DU, with representative western blots presented (n=6 
biological repeats, one-way ANOVA, followed by Tukey’s posthoc multiple comparison test). AATD, alpha-1 antitrypsin deficiency; DU, densitometry 
units; HC, healthy controls; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3.
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and levels of IL-1β was recorded (95% CI: -0.9564 to -0.2931, 
r=−0.7113, p=0.0371) (online supplemental figure 7A). 
Consequently, the decrease in circulating levels of IL-1β in 
response to AAT augmentation therapy required further consid-
eration (figure 1C). In the current study, we explored a mecha-
nism by which augmented AAT may impact C3d signalling and 
examined whether exogenous AAT may block C3d monocyte 
engagement. Monocytes were incubated with C3d in the pres-
ence of physiological concentrations of AAT (20 µM), followed 

by a fluorescein isothiocyanate (FITC)-labelled antibody against 
C3d to confirm C3d binding by flow cytometry (online supple-
mental figure 7B). Results demonstrated a significant 2.2-fold 
increase in C3d binding to monocytes, which was blocked by the 
inclusion of AAT (p<0.0001) (online supplemental figure 7C). 
Previous studies have indicated the importance of AAT glycans 
for exerting immune-regulatory capacity.1 To explore this in 
the current study, successful deglycosylation of AAT protein by 
PNGase enzyme was confirmed on Coomassie Blue stained SDS 

Figure 5  CR3 inhibition modulates C3d-induced ER stress in AATD monocytes. (A) Western blot and densitometry analysis of cleaved ATF6 
expression in control (Con) untreated monocytes from HC or following treatment with C3d (10 µg/mL) for 16 hours. Negative and positive controls 
included preincubation with CR3 blocker (clone mAb 107, 1 µg/mL) and treatment with the ER stress inducer thapsigargin (Tp) (100 nM), respectively 
(n=6 biological repeats per group, one-way ANOVA). (B) ATF6 qRT-PCR of HC (n=8) or AATD (n=6) monocyte mRNA revealed significantly increased 
expression in AATD (non-parametric Mann-Whitney U test). (C) ATF6 expression in resting HC monocytes compared with AATD cells, and following 
C3d challenge (n=6 subjects per group, one-way ANOVA, followed by Tukey’s posthoc multiple comparison test). AATD, alpha-1 antitrypsin deficiency; 
ER, endoplasmic reticulum; HC, healthy individuals.
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gels, separating at 45 kDa compared with 52 kDa fully glyco-
sylated AAT (online supplemental figure 7D). By flow cytometry, 
deglycosylated AAT (20 µM) failed to inhibit C3d membrane 
interaction (online supplemental figure 7E). Additionally, while 
fully glycosylated AAT significantly decreased IL-1β secretion 
compared with untreated cells (42.0±18.0 pg/mL vs 127±11.0 
pg/mL, p<0.0001), in contrast, neither deglycosylated AAT, nor 
an alternative plasma protein, human serum albumin (HSA), 
impacted IL-1β secretion (figure 7A). Collectively, these results 
highlight the importance of AAT glycans for controlling the 
C3d-induced inflammatory response and indicated that weekly 
AAT infusions may modulate NLRP3 inflammasome and pro-
IL-1β activation in circulating monocytes of patients with AATD, 
which was next explored.

Monocytes were isolated from patients with AATD who 
were on augmentation therapy, patients with AATD who had 
never received augmentation therapy and HC donors. Analysis 
by qRT-PCR revealed a 1.5-fold significant decrease in expres-
sion levels of NLRP3 and pro-IL-1β in AATD monocytes of 
patients receiving AAT augmentation therapy compared with 
those not on therapy (p=0.0303) (figure  7B, C). Of note, 
however, gene expression levels of NLRP3 and pro-Il-1β in 
monocytes of patients receiving AAT therapy remained signifi-
cantly higher than HC cells (p=0.0451 and p=0.0408, respec-
tively) (figure 7B, C). In concurrence, densitometry analysis of 
proteins on western blots of whole cell lysates revealed a twofold 

significant reduction in NLRP3 protein expression in mono-
cytes of patients receiving augmentation therapy compared 
with patients not receiving intravenous AAT (p=0.0173) 
(figure  7D, E), but levels remained significantly higher than 
HC (p=0.0381). Subsequently, protein levels of ATF6 were 
assessed. Although increased ATF6 (p<0.0001) were recorded 
in AATD cells compared with HC, a small but non-significant 
trend towards reduced ATF6 protein expression was observed 
in monocytes of patients with AATD receiving AAT therapy 
compared with untreated patients (p=0.0792) (figure 7D, F). In 
summary, in agreement with reduced circulating C3d levels post 
AAT augmentation therapy, NLRP3 and pro-IL-1β protein levels 
are reduced in response to treatment with AAT. However, results 
also demonstrate continued ER stress-associated inflammation 
and NLRP3 activation in monocytes of patients with AATD 
receiving therapy, with levels remaining significantly higher than 
HC cells.

DISCUSSION
This study demonstrates that circulating IL-1β levels are elevated 
in patients with AATD, and by use of in vitro and ex vivo human 
and murine models, we demonstrate that the effect of C3d on 
NLRP3 inflammasome activation involves NF-κβ gene regu-
lation, in combination with ER stress-induced-caspase-1 acti-
vation for pro-IL-1β processing. Moreover, in patients with 

Figure 6  Increased caspase-1 activity in AATD monocytes in response to C3d. (A and B) Monocytes remained untreated (Con) or challenged with 
C3d (10 µg/mL), C3d in the presence of the CR3 blocker (clone mAb 107) or ATP (3 mM) and LPS (50 ng/mL) (positive control). Intracellular Ca2+ 
(A) and caspase-1 activity (B) were assessed by luminescence. RLU (n=6 biological repeats, one-way ANOVA followed by Tukey’s posthoc multiple 
comparison test). (C and D) Intracellular Ca2+ levels and caspase-1 activity in resting HC monocytes compared with AATD cells, and following C3d 
challenge (n=6 subjects per group, one-way ANOVA, followed by Tukey’s posthoc multiple comparison test). AATD, alpha-1 antitrypsin deficiency; HC, 
healthy control; LPS, lipopolysaccharide; FLU, fluorescence units; RLU, relative luminescence units.
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AATD receiving AAT augmentation therapy, circulating levels 
of C3d and monocyte NLRP3 inflammasome activation were 
significantly reduced, along with decreased plasma IL-1β levels, 
demonstrating an effect of AAT augmentation therapy on overall 
inflammation in AATD. These results are supported by a recent 
observational study that explored the consequences of discon-
tinuation of AAT augmentation therapy in AATD.26 In this 
latter study, an increase in respiratory exacerbations emerged in 
association with systemic inflammation with a significant rise in 
IL-1β detected postdiscontinuation of therapy.26 The immune-
regulatory effects of AAT were also reported in a double-dose 
AAT augmentation therapy study, demonstrating a greater 
decrease in proinflammatory cytokine levels when compared 
with standard dosing.27 Additionally, the current study revealed 
a strong correlation between IL-1β levels and C3d, a finding that 
remained statistically significant following correction for age, 
with C3d previously reported a cleavage-product of unchecked 
serine protease activity in AATD.10 Consequently, the observed 
reduction in IL-1β post AAT augmentation therapy could either 
be a result of increased protection against dysregulated neutro-
phil elastase-mediated C3 activation, or alternatively, the ability 
of infused glycosylated AAT to target and modulate C3d–CR3 
engagement, as demonstrated here.

It has previously been shown that sublytic levels of membrane 
attack complex of complement formation trigger NLRP3 inflam-
masome activation in lung epithelial cells.28 Building on the 
capacity of complement components as regulators of immune 
cell signalling, in the current study, C3d, a terminal product 
of complement activation, triggered a dual response in circu-
lating HC monocytes, the first involving activation of the PI3K/
Akt/NF-κβ signalling pathway, and the second, compromising 
ER homeostasis leading to increased ER stress. While, NF-κβ 
positively regulates gene expression of NLRP3 and pro-IL-1β, 
ER stress was accompanied by alterations in Ca2+ homeo-
stasis resulting in increased cytosolic Ca2+ levels, as previously 
described following thapsigargin treatment.25 Both pathways 
converge on activation of caspase-1, which is ultimately respon-
sible for cleaving proinflammatory pro-IL-1β to an active 
secreted molecule in monocytes. Of note, while this study 
focused on inflammasome activation of monocytes via the PI3K/
AKT pathway, other mitogen-activated protein kinase (MAPK) 
pathways may play a part, and for example, it has been shown 
that the ERK/MEK pathway is involved in NF-κΒ activation in 
bronchial epithelial cells of patients with AATD.29 Moreover, in 
regards to the ability of C3d to trigger ER stress, this may in part 
be due to increased Z-AAT polymer formation in AATD cells, 

Figure 7  Monocyte NLRP3 is decreased, and levels of IL-1β expression are reduced after AAT augmentation therapy in vivo. (A) The effect of C3d 
(10 µg/mL) on IL-1β protein production determined by ELISA of cell supernatants from HC monocytes, with or without AAT, deglycosylated AAT (Dg-
AAT) or control plasma protein HSA (1 mg/mL of exogenous protein) (n=6 biological replicates, one-way ANOVA). Data are expressed as mean±SD. 
(B and C) Monocytes were isolated from HC, patients with AATD not receiving augmentation therapy, or patients with AATD receiving weekly 
intravenous AAT therapy (AATD+AAT Aug). qPCR analysis for gene expression of NLRP3 (B) and IL-1β (C) demonstrated that augmentation therapy 
significantly decreased NLRP3 and IL-1β expression in patients with AATD when compared with patients not receiving therapy (n=5 and n=6 patients 
per group, respectively, one-way ANOVA). (D–F) Expression levels of NLRP3 (D and E) and ATF6 (D and F) in HC, patients with AATD not receiving 
AAT weekly infusions or AATD receiving intravenous AAT therapy measured by western blot analysis of monocyte whole cell lysates. NLRP3 levels 
were significantly different between the patients with AATD receiving therapy (n=3 subjects per group, one-way ANOVA). AAT, alpha-1 antitrypsin; 
AATD, alpha-1 antitrypsin deficiency; HC, healthy control; HSA, human serum albumin; IL-1β, interleukin-1β; NLRP3, NOD-, LRR- and pyrin domain-
containing protein 3.
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or alternatively, the proinflammatory influence of C3d. Indeed, 
studies have reported on the role of inflammatory-induced ER 
stress in a number of cell types and diseases including epithelial 
cells in inflammatory bowel disease30 and neutrophils in cystic 
fibrosis and also AATD.31 Akin to the effects of CXCL8, TNFα 
and CXCL7 on ER stress,31 results of the current study suggest 
C3d as an additional trigger of ER stress affecting the properties 
of both HC and AATD monocytes. Ultimately however, studies 
have revealed an essential role for NF-κβ activation in the 
production of pro-IL-1β.32 33 In the current study, we demon-
strate that inclusion of the NF-κβ inhibitor Bay11-7082 signifi-
cantly inhibited IL-1β expression in monocytes, whereas the 
addition of MCC950, a specific NLRP3 inhibitor, significantly 
decreased IL-1β secretion, indicating that C3d-induced IL-1β in 
monocytes is dependent on NLRP3 activation through caspase-1 
protease activity. Of importance, there is a growing body of 
evidence supporting a role for NLRP3 in pulmonary conditions 
including lung ischaemia-reperfusion injury, asthma,34 allergic 
rhinitis35 and sarcoidosis,36 and in many cases, the prophylactic 
or therapeutic effects of MCC950 show promise.

Results of this study revealed that augmentation therapy 
significantly decreased expression levels of NLRP3 and pro-
IL-1β in circulating monocytes of patients receiving AAT infu-
sions, although levels remained significantly higher than HC 
samples, and this latter result is worthy of further discussion. 
Weekly infusions of AAT augmentation therapy result in a peak-
and-trough effect, resulting in initially normal levels of AAT in 
the circulation for several days after infusion, but then levels fall 
to near or below the protective threshold.37 This may emphasise 
the need for further studies evaluating dosing regimens in AAT 
augmentation therapy in order to maintain daily raised levels 
of AAT throughout treatment, thereby preventing dysregulated 
C3d production. Of equal importance, AAT infusions would fail 
to negate formation of Z-AAT polymers. In this context, basal 
levels of ER stress in circulating innate immune cells including 
neutrophils and monocytes has been attributed to accumulation 
of Z-AAT within the ER compartment of AATD cells.22 38 In 
line with this concept, AAT polymers were detected in whole 
cell lysates of AATD monocytes, with increased levels recorded 
in C3d challenged cells. Of note, AAT polymers in monocytes 
were not previously identified,23 a variance perhaps explained 
by the use of alternate cell lysis buffer and detergents for protein 
and polymer extraction in the current study. Of interest, earlier 
investigations aimed at increasing Z-AAT secretion and poten-
tially reducing cell stress include the use of chemical chaperones 
for improved protein folding, small peptides to block Z-AAT 
polymerisation or RNAi and CRISPR/Cas9 to decrease Z-AAT 
abnormal protein production.39 However, these later studies 
focused on hepatic AAT production to target the intrinsic liver 
disease found in AATD, and therefore much research is required 
to address ER stress in circulating monocytes as a result of 
Z-AAT accumulation.

Our study is not without limitations, including low patient 
numbers and a lack of longitudinal plasma and cell samples over 
the course of airways disease. Moreover, this study has focused 
solely on C3d, yet a further key component of the complement 
system to consider is C5. Of interest, a common C5 polymor-
phism (rs17611, 2404G>A) renders this protein more suscep-
tible to proteolysis, producing a biologically active C5a-like 
molecule, which is implicated in inflammatory arthritis,40 until 
now, a phenomenon unexplored in AATD. Regardless of these 
shortcomings however, this study provides evidence of the posi-
tive immune-regulatory impact of AAT therapy on C3d induced 
NLRP3 and IL-1β activation of circulating monocytes.

In summary, elevated circulating levels of C3d in people 
with AATD with the most severe Pi*Z pathogenic allele, trig-
gers NLRP3 inflammasome activation for increased expression 
of IL-1β. Although treatment of patients with AATD with AAT 
augmentation therapy significantly suppressed C3d and NLRP3 
inflammasome activation and reduced plasma levels of the proin-
flammatory cytokine IL-1β, the positive impact on circulating 
monocytes should be considered carefully as both ER stress and 
NLRP3 levels of circulating AATD monocytes persists. This may 
have implications for combination therapeutics with concerted 
pharmacological interventions consisting of AAT augmentation 
therapy to block serine protease C3d production, in combina-
tion with specific NLRP3 inhibitors, or alternatively, therapeutic 
strategies to block Z-AAT polymerisation and ER stress in circu-
lating immune cells.
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