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ABSTRACT 32 

 33 

Postoperative atrial fibrillation (poAF) is AF occurring days after surgery with a prevalence of 33% 34 

among patients undergoing open-heart surgery. The degree of postoperative inflammation correlates 35 

with poAF risk, but less is known about the cellular and molecular mechanisms driving postoperative 36 

atrial arrhythmogenesis. We performed single-cell RNA sequencing comparing atrial non-myocytes 37 

from mice with versus without poAF, which revealed infiltrating CCR2+ macrophages to be the most 38 

altered cell type. Pseudotime trajectory analyses identified Il-6 as a top gene in macrophages, which 39 

we confirmed in pericardial fluid collected from human patients after cardiac surgery. Indeed, 40 

macrophage depletion and macrophage-specific Il6ra conditional knockout (cKO) prevented poAF in 41 

mice. Downstream STAT3 inhibition with TTI-101 and cardiomyocyte-specific Stat3 cKO rescued poAF, 42 

indicating a pro-arrhythmogenic role of STAT3 in poAF development. Confocal imaging in isolated atrial 43 

cardiomyocytes (ACMs) uncovered a novel link between STAT3 and CaMKII-mediated ryanodine 44 

receptor-2 (RyR2)-Ser(S)2814 phosphorylation. Indeed, non-phosphorylatable RyR2S2814A mice were 45 

protected from poAF, and CaMKII inhibition prevented arrhythmogenic Ca2+ mishandling in ACMs from 46 

mice with poAF. Altogether, we provide multiomic, biochemical, and functional evidence from mice and 47 

humans that IL-6-STAT3-CaMKII signaling driven by infiltrating atrial macrophages is a pivotal driver 48 

of poAF that portends therapeutic utility for poAF prevention.  49 
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Abbreviations  50 

ACM  Atrial cardiomyocyte 51 

Ca2+  Calcium ion 52 

CaMKII  Calcium/calmodulin-dependent protein kinase II 53 

dPCR  Digital polymerase chain reaction 54 

gp130  glycoprotein 130 55 

IL-6  Interleukin-6 56 

IL-6Ra  Interleukin-6 receptor alpha 57 

NLRP3 NOD-, LRR-, and pyrin domain-containing protein 3 58 

PES  Programmed electrical stimulation 59 

poAF  Postoperative atrial fibrillation 60 

RT-qPCR Real-time quantitative polymerase chain reaction 61 

RyR2  Ryanodine receptor type-2 62 

scRNAseq Single-cell RNA sequencing 63 

SERCA2a Sarco/endoplasmic reticulum ATPase 2a 64 

Sh  Sham  65 

SR   Sarcoplasmic reticulum 66 

STAT3 Signal transducer and activator of transcription 3 67 

TAF  Thoracotomy atrial fibrillation 68 

TSR  Thoracotomy sinus rhythm   69 
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INTRODUCTION 70 

 71 

Postoperative atrial fibrillation (poAF) is transient AF that occurs most commonly within 2-4 days after 72 

cardiac surgery in 33% of patients (1) despite beta blocker prophylaxis (2, 3). While transient, poAF 73 

increases the risk of stroke and mortality by 50% (4) and recurrent AF by eight-fold, indicating that 74 

current therapies do not adequately treat the post-surgical inflammatory changes that may lead to long-75 

lasting sequelae (5). The degree of post-surgical inflammation directly correlates with poAF risk (6, 7), 76 

and we previously demonstrated greater NLRP3 inflammasome activity in the atria of poAF compared 77 

to sinus rhythm patients (8).  78 

Interleukin (IL)-6 is a key inflammatory cytokine downstream of the NLRP3 inflammasome that 79 

was also elevated in the sera (9) and atria (7) of poAF patients, although these studies were focused 80 

on samples collected at the time of surgery and thus reflect the contribution of pre-existing substrate 81 

rather than post-surgical inflammation. We and others have shown IL-6 to be elevated in poAF animal 82 

models at the time of arrhythmia on postoperative day three (10-13). However, less is known about the 83 

key cell type(s) involved in IL-6 signaling or how it mechanistically promotes atrial arrhythmogenesis. 84 

Biologically, IL-6 activates the JAK/STAT3 cascade upon binding to transmembrane subunit 85 

glycoprotein 130 (gp130) and the IL-6 receptor alpha (IL-6Ra), which is expressed by hepatocytes and 86 

leukocytes, predominantly of the myeloid lineage (14). Therefore, IL-6 signaling in most cell types (i.e., 87 

atrial cardiomyocytes [ACMs]) requires the presence of nearby leukocytes to generate IL-6Ra (15) 88 

through ADAM 10 and 17-mediated ectodomain cleavage in a process known as trans-signaling (16).  89 

Here, we demonstrate that infiltrating atrial macrophages are critical for IL-6 signaling in poAF 90 

through IL-6Ra shedding. We validated our findings in pericardial fluid samples collected from human 91 

patients after open-heart surgery as a surrogate of local cardiac inflammation, which addresses the 92 

fundamental limitation of prior studies relying on atrial samples harvested at the time of surgery. 93 

Downstream of IL-6Ra, STAT3 inhibition with FDA-orphan drug designated phosphorylated-STAT3 94 
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inhibitor TTI-101 was sufficient to prevent poAF in mice, and enhanced STAT3-CaMKII signaling led to 95 

triggered activity through CaMKII-mediated RyR2-S2814 phosphorylation and arrhythmogenic 96 

sarcoplasmic reticulum (SR) Ca2+ leak. 97 

  98 
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RESULTS 99 

 100 

Macrophages are necessary for poAF. To induce poAF, a thoracotomy protocol previously described 101 

in detail (10) was performed while a sham surgery served as a control (see supplementary methods, 102 

Figure S1A). All mice subsequently underwent programmed electrical stimulation using intracardiac 103 

catheter burst pacing on postoperative day three to identify mice with poAF after thoracotomy (i.e., 104 

thoracotomy AF [TAF]) (10). Representative surface and atrial electrograms showing sinus rhythm and 105 

poAF in sham and thoracotomy mice, respectively are shown in Figure S1B, with the full poAF episode 106 

shown in Figure S1C. To assess the cell types involved in poAF pathogenesis, unbiased scRNAseq 107 

was performed comparing atrial non-myocytes isolated from sham and TAF mice. UMAP clustering 108 

and annotation of cell types with commonly used markers (17-19) (Figure S2A-B) revealed a 2.4-fold 109 

increase (P<0.001) in macrophages in the atria of TAF versus sham mice (Figure 1A-C). 110 

Immunohistochemical staining of mouse heart sections harvested on postoperative day three confirmed 111 

the presence of macrophages within the atria that was consistently increased in both the right and left 112 

atria of TAF versus sham mice (Figure S3A-D) with unaltered ventricular macrophage accumulation 113 

(Figure S3E). Consistent with the lack of ventricular macrophage infiltration, ventricular tachycardia 114 

(VT) inducibility was unchanged three days after thoracotomy (Figure S4A). Ventricular IL-6 mRNA 115 

and protein levels were increased in TAF versus sham mice, reflective of greater systemic inflammation 116 

after cardiac surgery, while ventricular IL-6Ra mRNA and protein levels were unaltered in TAF versus 117 

sham mice, consistent with the lack of ventricular macrophage accumulation given the selective 118 

expression of IL-6Ra in leukocytes (Figure S4B-D) (14). There was no evidence of an adaptive immune 119 

response (i.e., unchanged B and T-cell numbers) (Figure 1B) or histologic atrial fibrosis in the left or 120 

right atria (Figure S5). Thus, macrophage-mediated inflammation, not fibrosis, likely drives atrial 121 

arrhythmogenesis in our murine poAF model. 122 
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To further assess the differential contributions of macrophages to poAF pathogenesis, 123 

macrophages from our scRNAseq dataset were re-clustered, which separated them into anti-124 

inflammatory, pro-inflammatory/infiltrating, mixed (pro/anti-inflammatory), proliferating antigen-125 

presenting cells, and dendritic cells using cell type-specific markers (Figure 1D, S2C) (18). Strikingly, 126 

TAF mice exhibited a 1.5-fold (P=0.014) increase in pro-inflammatory and mixed macrophages (Figure 127 

1E). To investigate possible chemoattractants driving this post-surgical increase in atrial macrophages, 128 

we assessed differential cell-cell crosstalk using CellChat, which models ligand-receptor interactions 129 

derived from scRNAseq data (20). We found a 2.5-fold increase in cell-cell communication pathways 130 

in TAF versus sham mice (Figure S6A-B) that was predominantly driven by an increase in 131 

macrophage-mediated signaling (Figure S6C). A detailed analysis of the altered signaling pathways in 132 

macrophages revealed the CCL pathway mediated by CCR2 to be a top differentially upregulated 133 

pathway in the atria of TAF versus sham mice (Figure S6D-E). Indeed, flow cytometry confirmed a 134 

significant increase in infiltrating CCR2+ monocyte-derived macrophages in the atria of TAF versus 135 

sham mice (Figure S6F-G). Thus, our data show that chemokine signaling mediated by CCR2 drives 136 

the post-surgical infiltration of monocyte-derived macrophages into the atria.  137 

Given the relevance of macrophages in poAF development, we sought to assess whether 138 

macrophages are necessary for poAF. To do this, macrophages were depleted in mice by 139 

intraperitoneal clodronate liposome (CL) injection one hour prior to cardiothoracic surgery (Figure 140 

S7A), which reduced macrophage counts by 92% in the spleen (P<0.001) three days after injection 141 

(Figure S7B), consistent with prior studies (21). A similar reduction (86% decrease, P<0.001) in atrial 142 

CD11b+ macrophages was seen using flow cytometry on postoperative day three (Figure 1F-G). 143 

Strikingly, there was a 3.7-fold (P=0.025) reduction in poAF inducibility (Figure 1H-I) in macrophage-144 

depleted versus placebo-treated mice after thoracotomy, with a concomitant trend towards decreased 145 

poAF duration (Figure 1J). The average AF frequency in WT mice after thoracotomy was 11.5 Hz, or 146 

682 beats per minute, which is characteristic of the rapid ventricular response often seen in the human 147 

condition.  There were no changes in electrocardiogram (ECG) parameters including RR, PR, and QRS 148 
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intervals as well as sinus node recovery time (SNRT) and atrioventricular effective refractory period 149 

(AVERP) among groups that might affect poAF inducibility through enhanced sinus node activity and/or 150 

reentry-promoting substrate alterations (Table 1, Figure S8A). Thus, monocyte-derived atrial 151 

macrophages are fundamentally required for poAF development.  152 

 153 

Macrophages promote poAF through IL-6 signaling. Given that the prominent macrophage subtype 154 

in TAF mice was a mixed pro/anti-inflammatory class likely in a transitioning state, we conducted 155 

unbiased Monocle 3 pseudotime analyses (Figure 2A), which mathematically models dynamic 156 

changes in cell state by calculating cellular trajectories (22), to assess for key driver genes in this 157 

macrophage cell state transition. Strikingly, Il6 was the most correlated cytokine in pseudotime, 158 

exhibiting greater spatial correlation than Il-1b and Nlrp3 (Figure 2B), which we previously 159 

demonstrated to play a role in poAF (8). Importantly, IL-6 signaling counterparts Socs3, Adam10, and 160 

Il6ra were also among the top genes driving the macrophage cell state transition (Figure 2B-D). Parallel 161 

cell-cell communication analyses comparing differential cell-cell interactions in sham versus TAF mice 162 

revealed that IL-6 was indeed a top differentially upregulated signaling pathway in TAF versus sham 163 

mice (Figure 2E). Upon further analysis of the IL-6 pathway, we found that macrophages were the 164 

most prominent drivers of IL-6 signaling (Figure 2F), likely through expression of Il6ra (Figure 2G-H). 165 

Thus, IL-6 signaling driven by atrial macrophages is central to poAF. 166 

 167 

IL-6 signaling is increased in poAF.  168 

To assess the translatability of our findings to the human condition, we collected pericardial fluid 169 

from patients after open-heart surgery as a surrogate measure of local cardiac inflammatory activity (as 170 

cardiac biopsy is not possible during the postoperative period). We first assessed whether 171 

macrophages infiltrated human hearts after cardiac surgery by collecting paired pericardial fluid 172 

samples from the same patients on postoperative days 1 and 3. Strikingly, CD68 protein levels, 173 
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indicative of macrophages, were 2.1-fold (P=0.005) greater on postoperative day 3 versus 1, indicating 174 

that macrophages do indeed infiltrate human hearts after cardiac surgery (Figure 3A). We then focused 175 

on pericardial fluid collected on postoperative day three, which is the time of peak poAF occurrence, 176 

and found that patients with poAF had 3.6-fold (P=0.022) and 2.9-fold (P=0.015) greater CD68 and IL-177 

6 protein, respectively, compared to patients in sinus rhythm (Figure 3B). Apart from rhythm status, 178 

there were no differences in clinical characteristics between poAF and sinus rhythm patients (Table 179 

S4).  180 

Given our findings implicating altered macrophage-mediated IL-6 in human poAF, we assessed 181 

for changes in IL-6 and its signaling counterparts in our poAF mouse model (10). After programmed 182 

electrical stimulation (PES) on postoperative day three, mice were divided into sham (Sh), mice that 183 

underwent surgery but remained in sinus rhythm (thoracotomy sinus rhythm [TSR]), and mice with 184 

poAF (thoracotomy atrial fibrillation [TAF]). Plasma IL-6 and atrial Il6 and Il6ra were greatest in TAF 185 

compared to TSR and sham mice (Figure 3C-E). Consistent with a systemic inflammatory IL-6 186 

response, ventricular IL-6 was increased at the mRNA and protein levels while ventricular IL-6Ra 187 

remained unchanged, reflecting the lack of ventricular macrophage infiltration (Figure S3D-F). Atrial 188 

IL-6 was significantly greater in TAF compared to TSR (2.0-fold, P=0.041) and sham (2.29-fold, 189 

P=0.026) mice (Figure 3F). Atrial gp130 protein levels were also increased in TAF versus TSR (2.2-190 

fold, P=0.002) and sham (3.7-fold, P<0.001) mice. Interestingly, there were no differences in IL-6Ra 191 

between TAF and TSR (Figure 3G), in contrast to what was observed at the Il6ra mRNA level (Figure 192 

3E). As IL-6Ra protein levels by western blot are indicative of membrane-bound IL-6Ra, these results 193 

suggest an increase in shedding of membrane-bound IL-6Ra and greater pro-inflammatory IL-6 trans-194 

signaling. Indeed, atrial ADAM17 and ADAM10, the primary IL-6Ra sheddases (23), were greatest in 195 

TAF compared to TSR and sham mice at both the mRNA and protein levels (Figure S9). Taken 196 

together, IL-6 and mediators of IL-6 trans-signaling were greatest in TAF compared to sham and TSR 197 

mice. Even among age- and sex-matched mice that underwent the same cardiac surgery, only those 198 
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with poAF (TAF) exhibited increased atrial IL-6, indicating that the post-surgical increase in atrial IL-6 199 

is likely a direct cause of poAF rather than nonspecific consequence of post-surgical inflammation. 200 

To assess the potential relevance of a pre-existing IL-6-promoting substrate in poAF 201 

development, biochemical studies were conducted from right atrial appendages harvested at the time 202 

of cardiac surgery from patients who remained in sinus rhythm and those who developed poAF. The 203 

incidence of poAF, defined by a documented AF episode lasting ≥30 sec (24), was monitored for up to 204 

5-days post-surgery. Clinical and demographic characteristics of patients who developed poAF versus 205 

sinus rhythm controls were similar (Tables S5-S7), with the exception of an association between older 206 

age and poAF status. There was a nominal increase of IL6 mRNA and significant increase in IL-6 207 

protein in the atria of poAF versus sinus rhythm patients at the time of surgery (Figure S10A-B). Due 208 

to the association between older age and poAF, we performed linear regression between age and IL-209 

6 protein levels and found a nominally positive association (R2=0.157, P=0.084; Figure S10C), 210 

indicating that the greater IL-6 protein levels at the time of surgery in poAF versus sinus rhythm patients 211 

is, in part, attributable to the older age of poAF versus SR patients. In contrast, IL-6 protein levels in 212 

pericardial fluid collected at the time of arrhythmia exhibited a much greater magnitude of increase in 213 

poAF versus sinus rhythm patients (Figure 3B), indicating that post-surgical changes in IL-6 are more 214 

pathologically important than pre-existing alterations. Like IL-6, the gp130 transmembrane subunit of 215 

the IL-6/IL-6Ra complex was elevated in the atria of poAF compared to sinus rhythm patients (Figure 216 

S10G-H), although there was a trend between older age and atrial gp130 levels (R2=0.130, P=0.142; 217 

Figure S10I). Importantly, IL-6Ra was unchanged in human atrial biopsies at the time of surgery 218 

(Figure S10D-E) without an age correlation (R2=0.050, P=0.344; Figure S10F), indicating that the 219 

observed increases in atrial IL-6Ra mRNA and protein measured on postoperative day three in mice 220 

(Figure 3E,G) occur after surgery. Taken together, differences in pre-existing atrial IL-6 are minimal 221 

compared to those that occur after surgery. In particular, the significant change in IL-6Ra after surgery 222 
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compared to that existing prior to cardiac surgery validates the observed changes in atrial immune cell 223 

profile given the selective expression of IL-6Ra in macrophages (Figure 2G-H). 224 

 225 

Loss of IL-6Ra from macrophages is sufficient to rescue poAF. To further explore these findings, 226 

Il6ra was conditionally knocked out in macrophages by crossing Il6rafl/fl and LysM-Cre mice (Figure 227 

4A). Decreased IL-6Ra expression in F4/80+ splenic macrophages was validated by flow cytometry 228 

(Figure 4B-C). We chose to express under the LysM promoter, which hits ~70% of neutrophils,(25) 229 

given that we observed neutrophils (PMNs), in addition to macrophages, to express Il6ra in the atria 230 

(Figure 2G). Thoracotomy followed by PES studies revealed a 71% (P=0.034) reduction in poAF 231 

inducibility (Figure 4D), along with a 4.3-fold (P=0.018) and 3.0-fold (P<0.001) reduction in atrial IL-232 

6Ra mRNA and protein, respectively, in Il6ra-cKO versus WT mice after thoracotomy (Figure 4E-F). 233 

Importantly, atrial Il-6 and IL-6 pathway activation by STAT3-Y705 phosphorylation were significantly 234 

attenuated in Il6ra cKO versus WT mice after thoracotomy (Figure 4G-I), demonstrating that IL-6Ra 235 

from macrophages is crucial for atrial IL-6 trans-signaling during the perioperative period. There were 236 

no differences in baseline ECG parameters, SNRT, or AVERP among groups (Table 1, Figure S8B). 237 

These results demonstrate that targeting the IL-6 signaling axis, specifically IL-6Ra produced by 238 

macrophages, is sufficient to rescue poAF. 239 

 240 

STAT3-CaMKII signaling is increased in poAF. To assess the downstream consequences of 241 

enhanced IL-6 signaling in poAF, western blotting was performed on atrial tissue harvested from mice 242 

on postoperative day three. Consistent with enhanced IL-6 signaling, a significant induction of STAT3 243 

activation by STAT3-Y705 phosphorylation was noted in the atria of TAF compared to TSR and sham 244 

mice (Figure 5A). As we and others have previously shown that CaMKII-mediated RyR2 245 

phosphorylation at Ser2814 is upregulated in poAF patients (8, 11), we hypothesized that STAT3 246 

downstream of IL-6 acts as a transcriptional activator of CaMKIId within cardiomyocytes, a biological 247 
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pathway that was previously reported in endothelial cells (26). Consistent with this hypothesis, we found 248 

significantly greater CaMKIId protein and CaMKII-mediated RyR2-Ser(S)2814 phosphorylation (27) in 249 

the atria of TAF versus TSR and sham mice (Figure 5B-C), suggesting that STAT3 activation 250 

downstream of IL-6 directly promotes pro-arrhythmogenic alterations in the atria.  251 

To assess the importance of STAT3 in poAF, we pharmacologically inhibited STAT3 using S3I-252 

201 and TTI-101, which is an FDA-orphan drug designated inhibitor of phosphorylated STAT3 (28, 29). 253 

We administered TTI-101 or S3I-201 one hour prior to surgery and then once a day for three days until 254 

the assessment of poAF inducibility on postoperative day three (Figure 5D). Both STAT3 inhibitors 255 

effectively blunted STAT3-Y705 phosphorylation within the atria of mice after thoracotomy on 256 

postoperative day three (Figure S11A-B). STAT3 inhibition with S3I-201 decreased poAF inducibility 257 

by 3.5-fold (P=0.043), whereas a robust 6.0-fold (P=0.022) reduction in poAF incidence was observed 258 

after TTI-101 treatment (Figure 5E) without significant changes in poAF duration (Figure 5F). There 259 

were no changes in baseline ECG parameters, SNRT, or AVERP among groups (Table 1) that might 260 

affect these results.  261 

To directly demonstrate that STAT3 activation within cardiomyocytes plays a pro-262 

arrhythmogenic and fundamental role in poAF development, we generated cardiomyocyte-specific 263 

Stat3 cKO mice by expressing Cre under the Tnt promoter via AAV9 in Stat3FL/FL mice (Figure 5G). 264 

Effective Stat3 knockdown was validated by western blot showing a 1.9-fold (P=0.017) decrease in 265 

atrial STAT3 (Figure S11C). Strikingly, phospho-Y705 (i.e., activated) STAT3 exhibited a stronger 266 

decrease than total STAT3, suggesting that the major pool of activated STAT3 after thoracotomy lies 267 

within ACMs. Indeed, these Stat3 cKO mice were protected from poAF incidence (5.4-fold reduction, 268 

P=0.029; Figure 5H) and duration (2.6-fold decrease, P=0.062; Figure 5I). No significant differences 269 

were observed in baseline ECG parameters (Table S8) or inducibility of ventricular arrhythmias (data 270 

not shown). Taken together, IL-6 upregulates CaMKIId in a STAT3-dependent manner in 271 

cardiomyocytes, leading to RyR2-S2814 phosphorylation and triggered activity.  272 
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IL-6 promotes arrhythmogenic RyR2-mediated SR Ca2+ leak.  273 

To definitively show that ectopic (triggered) activity, not reentry, was the predominant driver of atrial 274 

arrhythmogenesis in poAF, we conducted optical mapping on ex-vivo Langendorff-perfused mouse 275 

hearts. Conduction velocity and coefficient of variation measured at 10 Hz pacing did not significantly 276 

differ in thoracotomy versus sham mice in the right (Figure 6A-C) or left (Figure 6D-F) atria, consistent 277 

with a lack of reentrant-prone substrate alterations. In contrast, we observed a significant increase in 278 

triggered activity without evidence of reentry (i.e., rotors) originating from ectopic foci within the atria 279 

distant from the pacing site, following S1-S2 pacing (Figure 6G-H). Consistent with triggered activity 280 

as the key driver of atrial arrhythmogenesis in poAF, ex-vivo hearts from mice after thoracotomy had a 281 

significantly greater incidence of atrial tachyarrhythmias (Figure 6I) and triggered activity (Figure 6J) 282 

without changes in atrial refractoriness (Figure 6K). 283 

 Next, to assess the molecular mechanisms by which IL-6 leads to triggered activity, we 284 

challenged of primary wild-type mouse cardiomyocytes with IL-6 + IL-6Ra (IL-6/R), which increased 285 

Camk2d mRNA by 1.71-fold (P=0.027) after 30-minutes (Figure 7A) and CaMKIId protein by 1.99-fold 286 

(P=0.039) after 2-h (Figure 7B-D), respectively, consistent with the hypothesized transcriptional 287 

upregulation of CaMKIId by STAT3. To determine whether this STAT3-mediated CaMKII upregulation 288 

was pro-arrhythmogenic, we performed Ca2+ imaging in ACMs isolated from wild-type (WT) mice that 289 

were treated with vehicle or IL-6/R for 1.5-h. ACMs were conditioned by pacing at 1-Hz followed by a 290 

60-second pause during which Ca2+ sparks and Ca2+ waves, defined as >25% of the Ca2+ transient 291 

amplitude, were measured. The protocol was finished by assessing SR Ca2+ load via acute 10 mM 292 

caffeine exposure (Figure 7E-F). The amplitude of systolic paced Ca2+ transients trended lower after 293 

IL-6/R treatment (P=0.270, Figure 7G), suggestive of enhanced diastolic Ca2+ leak and consistent with 294 

prior studies (30). Importantly, there was a 3.2-fold (P=0.046) increase in diastolic Ca2+ spark frequency 295 

in IL-6/R versus vehicle-treated ACMs (Figure 7H). As SR Ca2+ load was unaffected by IL-6/R 296 

treatment (P=0.924, Figure 7I), the increase in Ca2+ spark frequency remained significant after 297 
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normalization by SR Ca2+ load (P=0.024, Figure 7J). Indeed, the incidence (2.5-fold, P=0.011; Figure 298 

7K) and duration (2.9-fold, P=0.031; Figure S12A) of spontaneous Ca2+ waves, which are strongly 299 

correlated with greater arrhythmogenic potential (31), were greater in IL-6/R versus vehicle-treated 300 

ACMs despite no differences in wave latency (Figure S12B). Altogether, these results indicate that 301 

CaMKII-mediated RyR2 dysfunction was the primary arrhythmogenic driver downstream of IL-6.  302 

 303 

CaMKII inhibition rescues arrhythmogenic SR Ca2+ leak.  304 

To assess whether enhanced CaMKII signaling was responsible for the observed changes in ACM Ca2+ 305 

handling, ACMs were isolated from sham and TAF mice, and confocal imaging of Ca2+ handling was 306 

performed. Paced Ca2+ transient amplitude did not differ among groups (Figure S13A-B), although 307 

there was a trend towards decreased transient amplitude after KN-93 treatment as expected with 308 

CaMKII inhibition (P=0.677, Figure S13B). No differences in Ca2+ transient decay were observed 309 

among groups, suggesting that alterations in SERCA2a-mediated Ca2+ reuptake likely play a minor role 310 

in poAF (Figure S13C). We then assessed arrhythmogenic diastolic Ca2+ sparks after 1-Hz field pacing 311 

(Figure 8A). ACMs from TAF mice exhibited 1.9-fold (P=0.002) and 6.6-fold (P<0.001) greater Ca2+ 312 

spark frequency compared to ACMs from TSR and Sh mice, respectively (Figure 8B). Importantly, KN-313 

93 pre-treatment of TAF ACMs was sufficient to reverse these changes (3.5-fold decrease, P<0.001), 314 

indicating that CaMKII is necessary for arrhythmogenic Ca2+ sparks in poAF (Figure 8B). As SR Ca2+ 315 

load was unchanged among groups (Figure 8C), similar trends held for Ca2+ spark frequency after 316 

normalization to SR Ca2+ load (Figure 8D), implicating RyR2 Ca2+ leak  as the primary pro-317 

arrhythmogenic mechanism in poAF. Indeed, the incidence (Figure 8E) and duration (Figure S12C) of 318 

spontaneous Ca2+ waves were greatest in ACMs from TAF compared Sh and TSR mice. Interestingly, 319 

wave latency was similarly decreased in ACMs from TSR and TAF mice compared to Sh, suggesting 320 

that faster wave onset may be a nonspecific consequence of cardiac surgery rather than a direct cause 321 

of poAF (Figure S12D). These findings were unaffected when by KN-93 inactive analogue, KN-92, 322 

different doses (1 µM vs 2.5 µM) of KN-93 (Figure S14A-B), or pacing at 2 Hz versus 1 Hz (Figure 323 
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S15A-B). Thus, arrhythmogenic RyR2 Ca2+ sparks and waves are direct associated with poAF 324 

development as they were absent in ACMs from TSR and Sh mice, and CaMKII inhibition was sufficient 325 

to revert this pro-arrhythmogenic Ca2+ mishandling phenotype. 326 

 Lastly, to definitively show that RyR2-S2814 phosphorylation by CaMKII and subsequent Ca2+ 327 

mishandling is necessary for poAF, we performed cardiac surgeries in non-phosphorylatable 328 

RyR2S2814A mice and phosphomimetic RyR2S2814D mice. Baseline ECG parameters including SNRT and 329 

AVERP did not differ among groups, although there was a trend towards faster heart rate in RyR2 330 

phosphomutant mice (Table 1, Figure S8C-D). Strikingly, nonphosphorylatable RyR2S2814A mice were 331 

protected from poAF compared to WT littermates (80% decrease, P=0.047; Figure 8F-G) independent 332 

of atrial IL-6 protein levels (Figure S16A-B), demonstrating that RyR2-S2814 phosphorylation is 333 

downstream of IL-6. While RyR2S2814D mice did not exhibit greater poAF inducibility, likely a result of 334 

RyR2-S2814 phosphorylation levels already exerting a near-maximal pro-arrhythmogenic effect after 335 

cardiac surgery, these phosphomimetic RyR2S2814D mice exhibited a trend towards longer poAF 336 

duration (mean poAF duration 200s in RyR2S2814D vs 66s in WT; Figure 8H).  Taken together, the 337 

phosphorylation of RyR2-S2814 by CaMKII, as opposed to CaMKII effects on other ion channels such 338 

as the late sodium current (32, 33), is a necessary action of CaMKII in poAF development.   339 
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DISCUSSION 340 

 341 

Our study is the first, to our knowledge, to assess the single-cell transcriptomic landscape of poAF in a 342 

clinically relevant mouse model using scRNAseq. Moreover, our studies in pericardial fluid collected 343 

from human patients after open-heart surgery address a fundamental knowledge gap in the current 344 

understanding of poAF as prior studies have relied on human atrial tissue collected at the time of 345 

surgery (8, 34-37) and thus reflect pre-existing substrate rather than the contribution of surgical-induced 346 

inflammation, which is more amenable to therapeutic intervention given its acute and transient nature. 347 

Our translational findings center around observations after cardiac surgery in human patients and mice 348 

and show that infiltrating atrial macrophages are fundamentally required for poAF development through 349 

generation of the IL-6 receptor. Downstream of IL-6, STAT3 inhibition with FDA-orphan drug TTI-101 350 

and cardiomyocyte-specific Stat3 cKO prevented poAF, indicating that activated STAT3 specifically 351 

within ACMs plays a direct pro-arrhythmogenic in poAF. At the single ACM level, IL-6/R directly induced 352 

arrhythmogenic Ca2+ mishandling through RyR2 dysfunction in a CaMKII-dependent manner, leading 353 

to triggered activity and poAF. Thus, our data suggest that targeting of the IL-6 receptor and 354 

downstream signaling in atrial macrophages may represent a novel therapeutic approach for the 355 

prevention of poAF. 356 

 357 

Macrophages infiltrating the atria play a central role in poAF 358 

Our results implicate, in an unbiased manner, infiltrating monocyte-derived macrophages as a central 359 

cell type contributing to poAF (Figures 1A-B, S6F-G). We have previously demonstrated increased 360 

macrophages in the atria of patients with versus without poAF, although these samples were 361 

importantly taken at the time of surgery (8) and thus do not reflect the contribution of surgery-mediated 362 

inflammation. We have built upon this prior finding using pericardial fluid collected after cardiac surgery 363 

to show that a greater quantity of macrophages infiltrates the heart after cardiac surgery in patients with 364 

versus without poAF (Figure 3A-B). Our novel findings in the perioperative period of cardiac surgery 365 
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patients confirm that the results we and others (11, 38) have shown regarding the importance of 366 

macrophages in small animal poAF models translates to the human condition.  367 

Furthermore, we build upon the prior literature by demonstrating that macrophage depletion is 368 

sufficient to prevent poAF (Figure 1H). We identified CCR2 as a likely upstream chemoattractant 369 

receptor driving atrial macrophage infiltration (Figure S6D-G). Indeed, MCP-1, the ligand for CCR2, 370 

was increased in the pericardial effluent of patients 48-h after cardiac surgery (39). Consistent with the 371 

role of MCP-1 in macrophage recruitment, we found that macrophages infiltrated human hearts after 372 

cardiac surgery to a greater extent in poAF versus SR patients (Figure 3A-B). Downstream of atrial 373 

macrophage infiltration, we utilized pseudotime trajectory analyses to identify Il-6 as a central regulatory 374 

gene of macrophage cell state (Figure 2B), which we confirmed to be upregulated in poAF patients 375 

(Figure 3B). Indeed, CellChat revealed that macrophages were the predominant cell type driving 376 

upregulated IL-6 signaling in poAF (Figure 2F). Moreover, by comparing human atrial tissue collected 377 

at the time of surgery to mouse atria collected at the time of arrhythmia, we found that IL-6Ra was the 378 

only protein in the IL-6 signaling cascade that progressed from unchanged at the time of surgery 379 

(Figure S10E) to increase at the time of arrhythmia (Figure 3G), suggesting that IL-6Ra may be 380 

amenable to therapeutic intervention.  381 

 382 

IL-6 receptor signaling in macrophages is essential for poAF development 383 

To test whether IL-6 receptor signaling in macrophages is essential for poAF development, we 384 

generated macrophage-specific Il6ra conditional knockout mice. These Il6ra-cKO mice were protected 385 

against the development of inducible poAF after thoracotomy (Figure 4G). Indeed, mice that underwent 386 

thoracotomy did not exhibit greater ventricular tachycardia inducibility compared to sham, consistent 387 

with the lack of macrophage-dependent IL-6Ra production and subsequent IL-6 trans-signaling (Figure 388 

S4). Prior studies focused on the ligand (IL-6) and demonstrated that global Il-6 knockout (13) and IL-389 

6 pharmacologic inhibition (11) protected against poAF in rat sterile pericarditis models (Table S9). 390 
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However, these studies, in particular global Il6 knockout, are confounded by indirect pro-391 

arrhythmogenic alterations such as metabolic dysfunction (14, 40). Moreover, nonspecific inhibition of 392 

IL-6 blunts classical IL-6 signaling, which is anti-inflammatory, and thus may aggravate the pro-393 

inflammatory post-surgical response, making this approach clinically undesirable (41). Indeed, a recent 394 

preclinical study of chronic AF in mice demonstrated that selective neutralization of IL-6 trans-signaling 395 

via soluble gp130 ameliorated AF inducibility induced by chronic pressure overload (42). However, this 396 

paper focused on the role of IL-6 signaling in chronic atrial substrate alterations through connexin and 397 

fibrotic remodeling, which our data did not reveal to change in our 72-hour poAF mouse model (Figure 398 

S5; Table S9).  399 

IL-6 receptor signaling involves the STAT3 pathway, which was elevated in TAF mice compared 400 

to those that underwent cardiac surgery but remained in sinus rhythm (i.e., TSR; Figure 5A). We then 401 

performed in vivo studies to test the hypothesis that STAT3 inhibition could prevent poAF in our mouse 402 

model. Indeed, our studies revealed that STAT3 inhibition with TTI-101, an inhibitor of phosphorylated 403 

STAT3 (28), prevented poAF in mice (Figure 5E). These findings suggest that drug repurposing might 404 

be a future option for TTI-101, which is currently in phase 2 clinical trials for hepatocellular carcinoma 405 

(NCT05440708), metastatic breast cancer (NCT05384119), and idiopathic pulmonary fibrosis 406 

(NCT05671835). 407 

 408 

IL-6 receptor-dependent arrhythmogenic mechanisms in poAF 409 

STAT3 is a transcription factor, widely known for its role in fibrosis in the heart (12). Nonetheless, 410 

consistent with prior findings in poAF patients (8) and animal models (11), we did not find evidence of 411 

a change in fibroblast proliferation (Figure 1A-B) nor evidence of histologic fibrosis (Figure S5) in our 412 

poAF mouse model. Regardless, the use of antifibrotic therapies in patients during the perioperative 413 

period would likely be contraindicated due to impaired wound healing and risk of infection (43, 44). 414 

Taken together with the lack of changes in atrial conduction velocity in mice after thoracotomy versus 415 

sham surgery (Figure 6A-F), our data show that reentry is unlikely the primary arrhythmogenic 416 
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mechanism in poAF, although our optical mapping studies were limited by two-dimensional recordings 417 

and we did not pace at supraphysiologic frequencies, which may have been necessary to uncover 418 

heterogenous conduction. Nonetheless, our data point towards triggered activity as the primary driver 419 

of atrial arrhythmogenesis in poAF (Figure 6G-J). Molecularly, we found that IL-6-mediated STAT3 420 

activation plays a direct pro-arrhythmogenic role in cardiomyocytes through CaMKIId upregulation 421 

(Figure 7A-D) as cardiomyocyte-specific Stat3 cKO prevented poAF in mice (Figure 5H). CaMKIId is 422 

the predominant CaMKII isoform in the heart(45) that is activated during the normal cardiac stress 423 

response (46, 47). When overactive, however, CaMKII can cause arrhythmia, particularly AF (48, 49) 424 

through RyR2-S2814 hyperphosphorylation (27) and resultant arrhythmogenic Ca2+ sparks (50, 51). 425 

Importantly, Ruxolitinib, originally discovered as a JAK inhibitor upstream of STAT3, was recently 426 

shown to possess CaMKII inhibitory properties and protect against ventricular arrhythmias (52). Our 427 

findings implicate enhanced STAT3-CaMKII signaling in poAF development (Figure 5A-C), thus 428 

providing evidence that Ruxolitinib may be a potential candidate for drug repurposing for poAF.  429 

 Functionally, we found that IL-6 (or IL-6 receptor activation) recapitulates the Ca2+ mishandling 430 

observed in poAF as IL-6/R treatment alone was sufficient to increase SR load-normalized Ca2+ sparks 431 

and Ca2+ waves in isolated ACMs (Figure 7J), pointing to RyR2 dysfunction as the likely 432 

arrhythmogenic driver. However, it is important to consider the role of other known drivers of 433 

sarcoplasmic reticulum Ca2+ mishandling such as stress kinase JNK2 (c-Jun N-terminal kinase isoform 434 

2), which is currently being explored a novel gene therapy for primary AF (53). Our results are 435 

consistent with prior studies demonstrating cardiac Ca2+ mishandling in poAF patients (8, 54) and rats 436 

(11), although these studies were conducted at the time of arrhythmia or at the whole heart level, 437 

respectively, and thus may not completely delineate the molecular Ca2+ mishandling phenotype present 438 

at the time of arrhythmia at the single ACM level as we have done in our study (Table S9). We further 439 

demonstrate that ACMs from TAF mice exhibited significantly greater arrhythmogenic Ca2+ sparks and 440 

waves compared to those from TSR and that CaMKII inhibition was sufficient these ameliorate these 441 
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arrhythmogenic changes (Figure 8B-E). Lastly, to definitely show that the actions of CaMKII on RyR2-442 

S2814 phosphorylation were central to poAF pathophysiology as opposed to CaMKII effects on other 443 

ion channels such as the late sodium current (32, 33), we demonstrated that non-phosphorylatable 444 

RyR2S2814A mice were protected from poAF (Figure 8F). Taken together, our data show that aberrant 445 

SR Ca2+ release via RyR2-S2814 hyperphosphorylated channels promotes the development of cellular 446 

triggered activity in poAF and that these arrhythmogenic events are downstream of IL-6-mediated 447 

STAT3 activation in ACMs.   448 

 449 

 450 

Potential Limitations 451 

Our study has several limitations. Our studies of human atrial tissue from patients with poAF were 452 

cross-sectional in nature. Therefore, longitudinal associations between baseline atrial biochemical 453 

measurements and incident clinical sequalae could not be derived. We observed a marked induction 454 

of Il6ra expression in neutrophils, in addition to macrophages. Although the LysM-Cre transgenic 455 

mouse we used reportedly expresses in up to 70% of neutrophils (25), we cannot exclude that the 456 

remaining neutrophil-expressed IL-6Ra had subclinical effects on atrial arrhythmogenesis, although we 457 

detected a robust reduction in total atrial IL-6Ra mRNA and protein in Il6ra cKO mice (Figure 4E-F) 458 

and macrophage-specific Il6ra cKO attenuated IL-6 downstream STAT3 activation (Figure 4H-I). In 459 

addition, it is possible that neutrophils activate the IL-6 pathway through indirect effects such as IL-1b-460 

mediated IL-6 activation (55) or Oncostatin-M (56). Future studies would benefit from utilizing 461 

neutrophil-specific Cre lines such as Ly6G-Cre to dissect the differential contributions of neutrophils 462 

versus macrophages in poAF pathogenesis (25). Indeed, neutrophil-derived myeloperoxidase, in part 463 

promoted by reactive oxygen species (57) was shown to promote AF through atrial fibrotic remodeling 464 

(58). Moreover, CaMKII activation via oxidation is a well-known driver of AF (59, 60), and we found 465 

CaMKII-mediated RyR2-S2814 phosphorylation to play a fundamental role in atrial arrhythmogenesis 466 
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in our murine poAF model. It is also critical to note that CaMKII phosphorylation of other ion channels, 467 

in particular sodium channels (61, 62), could play a key role in poAF initiation and maintenance. In 468 

addition, another limitation of our studies is the use of sub-physiologic pacing frequencies (i.e., 1-2 Hz) 469 

in our confocal Ca2+ imaging experiments of isolated ACMs. While these frequencies were sufficient to 470 

bring out significant differences in spontaneous Ca2+ sparks and waves in ACMs from TAF versus 471 

Sham mice (Figure 8B-E), it is possible that field pacing at more "physiologic" rates (i.e., 10-Hz) could 472 

have brought out even greater differences, although the rapid decay of functionality of ex-vivo ACMs 473 

limited our ability to conduct such studies. We did not directly assess inflammation-driven fibroblast 474 

activation in our poAF mice. While we did not observe differences in histologic atrial fibrosis (Figure 475 

S5), it is possible that activated fibroblasts may portend pro-arrhythmogenic effects independent of 476 

collagen deposition such as direct electrical coupling to cardiomyocytes or release of pro-inflammatory 477 

cytokines (63, 64). Lastly, the mice used in our study (12-15-weeks) were relatively young and disease-478 

free, in contrast to human patients that undergo cardiac surgery and often have multiple comorbidities. 479 

Thus, poAF in our mouse model required atrial burst pacing to induce episodes of AF, like other 480 

preclinical poAF models (11, 12). However, it is important to note that our mouse studies build upon 481 

prior studies (11-13) by including the clinically relevant comparison between mice that underwent 482 

surgery and remained in sinus rhythm (TSR) versus those that developed poAF (TAF). Most animal 483 

studies of poAF (11-13) include two groups: sham versus surgery, which prevents parsing out 484 

nonspecific consequences of cardiac surgery versus direct causes of poAF. Therefore, while our mouse 485 

model may not fully recapitulate the pathophysiology of spontaneous poAF seen in patients, we believe 486 

that our results are clinically translatable to the human condition.  487 
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Conclusions 488 

 489 

Taken together, our study demonstrates a novel paradigm of poAF whereby macrophages infiltrate 490 

damaged atria after cardiac surgery, releasing soluble IL-6Ra and driving a surge in IL-6-mediated 491 

STAT3 activation within ACMs. STAT3 upregulates CaMKIId, leading to phosphorylation of RyR2 at 492 

Ser2814, SR Ca2+ leak, and ultimately poAF. Our study has the potential to spark the design of future 493 

clinical trials and drug repurposing as we provide robust mechanistic insights on a targetable 494 

molecular pathway with current FDA-approved therapies such as IL-6Ra monoclonal antibodies 495 

(Tocilizumab), CaMKII inhibitors (Ruxolitinib), and RyR2 antagonists (flecainide) or investigational 496 

drugs such as STAT-3 inhibitor TTI-101, that may be used for poAF prevention and treatment.  497 
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METHODS 498 

 499 

Sex as a biological variable. For all human and murine studies, equal numbers of male and female 500 

subjects were used when possible. For mice, controls consisted of wild-type littermates when 501 

possible.  502 

 503 

Mouse procedures. Our mouse model of poAF was designed to recapitulate cardiac surgery as 504 

described in detail (see Supplementary Materials) (10). In vivo electrophysiology studies for poAF 505 

assessment were performed as previously described (see Supplementary Materials) (10, 65).  506 

 507 

Single-cell RNA sequencing (scRNAseq) comparing atrial non-myocytes from sham and TAF mice 508 

was performed as described in detail in the Supplementary Materials .  509 

 510 

Flow cytometry was conducted as described in detail in the Supplementary Materials using the 511 

antibodies list in Table S1. 512 

 513 

Mouse Plasma Collection. Mouse blood was collected by cardiac puncture with 25G needle/syringe 514 

coated with heparin (McKesson Corporation, Memphis, TN). Whole blood was allowed to equilibrate at 515 

room temperature for 30 minutes prior to spinning at 2000 x g for 15 minutes at 4°C. The supernatant 516 

(plasma) was removed and stored at -80°C.  517 

 518 

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR). Total RNA was isolated from atrial 519 

tissues by TRIzol (15596, Life technologies, Carlsbad, CA), and 500 µg of RNA was reverse transcribed 520 

by iScript (1708841, Bio-Rad, Hercules, CA). The iTaq Universal SYBR Green Supermix (Thermo 521 

Fisher Scientific, Waltham, MA) with 1 µM primer and diluted cDNA 1:25 was used for the quantitative 522 



 25 

polymerase chain reaction (PCR). Thermocycler conditions were 40 cycles of denaturation at 95°C for 523 

15s and annealing and extension step of 60°C for 60s. The ΔΔCT method was used to calculate relative 524 

quantities normalized to GAPDH. Primers used are listed in Table S2. Digital PCR (dPCR) analyses of 525 

human right atrial appendages was performed as described in the supplementary methods.  526 

 527 

Western Blotting. Western blotting was performed as described in detail in the Supplementary 528 

Materials using the antibodies listed in Table S3. 529 

 530 

Immunohistochemistry. Immunohistochemistry was performed as described in detail in the 531 

Supplementary Materials. 532 

 533 

Ca2+ imaging studies in isolated ACMs were performed as described in detail the Supplementary 534 

Materials.   535 

 536 

Statistical Analysis. All studies and analyses were performed in a blinded manner when possible. 537 

Statistics were performed with Prism version 10.1.1 (GraphPad, La Jolla, CA). Continuous data are 538 

expressed as mean ± standard error of the mean (SEM). P<0.05 was considered statistically significant. 539 

The statistical test used for each figure panel described within each corresponding figure legend. 540 

Please refer to the supplemental methods for more details. 541 

 542 

Study Approval. All animal studies were performed according to protocols approved by the Institutional 543 

Animal Care and Use Committee of Baylor College of Medicine conforming to the Guide for the Care 544 

and Use of Laboratory Animals published by the US National Institutes of Health (Publication no. 85-545 

23, revised 1996). Il6rafl/fl, LysM-Cre, and Stat3FL/FL mice were acquired from Jackson Labs (Bar Harbor, 546 

ME). All mice included in this study were 12-15 week-of-age and C57BL/6J background. Collection of 547 
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human pericardial fluid was approved by the local institutional review board at the Baylor College of 548 

Medicine, Houston, Texas, United States (Protocol #H-46755). Written informed consent to participate 549 

in the study was obtained from every human subject prior to pericardial fluid collection. Collection of 550 

human right atrial appendages at the time of surgery was approved by the local ethical review board of 551 

the University Duisburg-Essen, Germany (Protocol #12-5268-BO). Written informed consent to 552 

participate in the study was obtained from each patient prior to cardiac surgery. See the Supplementary 553 

Materials for more details on subject selection criteria. 554 

 555 

Data Availability. All data in this study are available from the corresponding author upon reasonable 556 

request. Supporting data values for each individual data point are available for download. Data from 557 

scRNAseq experiments are publicly available in the National Center for Biotechnology Information 558 

BioProject Repository (PRJNA1220606).  559 
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 36 

Figure 1. Single-cell landscape of poAF. (A) UMAP plots and (B) cell distributions of scRNAseq 764 

analysis of atrial non-myocytes from sham (N=3 mice, 9090 cells) and TAF (N=3 mice, 8596 cells) 765 

mice. (C) Macrophage annotation and (D) re-clustering of macrophages (n=4,946 cells) with (E) 766 

quantification of macrophage subtypes. (F) Flow cytometry with (G) quantification showing increased 767 

atrial CD11b+ macrophages in TAF versus sham mice that was reversed by CL. Each dot represents 768 

one mouse. (H) Incidence of poAF was decreased after CL macrophage depletion. Number of mice per 769 

group is depicted. (I) Sample ECG tracings after atrial burst pacing. (J) poAF duration in Sh, TAF, and 770 

CL mice. Please note that these data show that macrophages are the most prominent cell type altered 771 

in poAF, and that macrophage depletion prevented poAF. P-value in (B) was obtained from chi-square 772 

test comparing the proportion of macrophages in Sham vs TAF. P-value in (E) was obtained from chi-773 

square test comparing the proportion of pro-inflammatory/mixed versus non-pro-inflammatory/mixed 774 

macrophage subtypes in Sham vs TAF. P-values in (G) and (J) were obtained from one-way ANOVA 775 

followed by Tukey’s post-hoc tests at alpha=0.05. P-values in (H) were obtained from chi-square tests 776 

comparing the proportion of positive poAF events. Abbreviations: Anti – anti-inflammatory, ANOVA – 777 

analysis of variance, B – B cell, DC – dendritic cell, EC – endothelial cell, ECG – electrocardiogram, 778 

FB – fibroblast, Mac – macrophages, Mur – mural, PMN – polymorphonuclear neutrophil, poAF – 779 

postoperative atrial fibrillation, Pro/infil – pro-inflammatory/infiltrating, Prolif– proliferating, SMC – 780 

smooth muscle cell, T – T cell, Th – thoracotomy. 781 
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Figure 2. Macrophages promote poAF through IL-6 signaling. (A) Monocle 3 pseudotime trajectory 783 

analyses were conducted on macrophages, (B) which identified Il6, Il1b, and Socs3 as top genes 784 

changing in pseudotime. (C) Corresponding pseudotime-gene expression plots and (D) UMAP plots of 785 

the top genes changing in pseudotime. (E) CellChat analyses conducted using our scRNAseq dataset 786 

to identify differential cell-cell interactions in sham versus TAF mice revealed the IL-6 pathway mediated 787 

by IL-6 binding IL-6Ra and gp130 to be among the top differentially upregulated pathways. (F) 788 

Macrophages were the top drivers of IL-6 signaling, (G-H) in large part through selective expression of 789 

Il6ra. Please note that these data show that IL-6 is the top cytokine pathway changing in pseudotime 790 

in macrophages as well as one of the top differentially upregulated cell-cell communication pathways 791 

in TAF versus sham mice. Abbreviations: Adam10 – A Disintegrin and metalloproteinase domain-792 

containing protein 10, EC – endothelial cell, FB – fibroblast, GDF – growth differentiation factor, Il1b – 793 

interleukin 1 beta, Il6 – interleukin 6, Il6ra – interleukin 6 receptor alpha, LIFR – leukemia inhibitory 794 

factor receptor, Mac – macrophage, Nlrp3 – NLR family pyrin domain containing 3, NT – neutrotrophin, 795 

PARs – proteinase activated receptors, PMN – polymorphonuclear neutrophil, Sh – sham, SLURP – 796 

secreted Ly6/uPAR-related protein, Socs3 – suppressor of cytokine signaling 3, TAF – thoracotomy 797 

atrial fibrillation 798 
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 40 

Figure 3. Atrial IL-6 signaling is increased in poAF. (A) Paired human PF samples collected on POD 800 

1 and POD 3 after open-heart surgery underwent western blotting for CD68. (B) Western blotting of 801 

human PF samples collected on POD 3 revealed increase CD68 and IL-6 protein levels in poAF versus 802 

SR patients. Each dot in (A-B) represents one patient. (C) Serum IL-6 was increased in plasma from 803 

TAF compared to TSR and sham mice on POD 3. RT-qPCR from whole atria harvested on POD 3 804 

revealed increased (D) Il6 and (E) Il6ra mRNA in TAF versus TSR and sham mice. (F) Western blotting 805 

revealed increased IL-6 and gp130 protein levels within the atria of TAF mice. (G) While both greater 806 

than sham, TAF and TSR mice exhibited not exhibited differences in IL-6Ra protein levels despite 807 

greater mRNA levels, suggesting active IL-6Ra shedding in TAF mice. Each dot in (C-G) represents 808 

one mouse. Please note that these data show that macrophages and IL-6 are greater in human patients 809 

and mice with versus without poAF. P-value in (A) was from paired t-test. P-value in (B) was from two-810 

sample t-test. P values in (C-G) were from one-way ANOVA followed by Tukey’s post-hoc test at 811 

a=0.05. Abbreviations: ANOVA – analysis of variance, IL-6 – interleukin 6, IL-6Ra – interleukin 6 812 

receptor alpha, PES – programmed electrical stimulation, PF - pericardial fluid, POD - postoperative 813 

day, SR - sinus rhythm, TAF – thoracotomy atrial fibrillation, TSR – thoracotomy sinus rhythm. 814 
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Figure 4. Loss of IL-6Ra from macrophages is sufficient to rescue poAF. (A) Il6ra was 816 

conditionally knocked out from macrophages by expressing Cre under the LysM promoter in Il6rafl/fl 817 

mice. (B-C) Validation of Il6ra cKO in macrophages via flow cytometry on mouse splenocytes. Each 818 

dot represents one mouse. (D) Incidence of poAF was decreased in Il6ra cKO compared to WT mice 819 

after cardiac surgery, with decreased atrial (E) Il6ra mRNA and (F) protein levels. Atrial (G) Il-6 and (H-820 

I) pY705-STAT3 were lower in Il6ra cKO compared to WT mice after thoracotomy, consistent with the 821 

hypothesis that IL-6Ra from macrophages is critical for IL-6 trans-signaling in the atria. Each dot 822 

represents one mouse. Please note that these data show that selective inhibition of the IL-6 receptor 823 

in macrophages is sufficient to prevent poAF. P-value in (C) was obtained from a two-sample t-test. P-824 

values in (D) were obtained from chi-square tests comparing the proportion of positive poAF events. P-825 

values in (E-I) were obtained from one-way ANOVA followed by Tukey’s post-hoc test at alpha=0.05.  826 

Abbreviations: ANOVA – analysis of variance, cKO – conditional knockout, IL-6Ra – interleukin 6 827 

receptor alpha, Macs – macrophages, Sham – sham, Th – thoracotomy, TAF – thoracotomy atrial 828 

fibrillation, WT – wildtype. 829 
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 44 

Figure 5. STAT3-CaMKII signaling is enhanced in poAF. Western blotting revealed increased (A) 831 

STAT3-Y705 phosphorylation, (B) CaMKIId, and (C) RyR2-S2814 phosphorylation in the atria of TAF 832 

versus TSR and sham mice. (D) STAT3 inhibition with S3I-201 (5 mg/kg) and TTI-101 (100 mg/kg) 833 

once a day for three days (E) reduced poAF incidence, (F) with a trend towards reduced poAF duration 834 

in the TTI-101 group. (G) Cardiomyocyte-specific Stat3 cKO mice (n=8) were generated by injecting 835 

AAV9-Tnt-Cre virus into Stat3FL/FL mice four weeks prior to cardiac surgery. Controls (n=11) consisted 836 

of mice injected with control virus four weeks prior to cardiac surgery. Stat3 cKO mice were protected 837 

from (H) poAF and (I) exhibited a nominal reduction in poAF duration. Please note that these data show 838 

that, among mice that underwent cardiac surgery, STAT3-CaMKII-RyR2 signaling was greatest in mice 839 

that developed poAF. Pharmacologic STAT3 inhibition and cardiomyocyte-specific Stat3 cKO 840 

prevented poAF in mice, indicating that STAT3 plays a direct pro-arrhythmogenic in cardiomyocytes. P 841 

values in (A-C, F) were from one-way ANOVA followed by Tukey's test for multiple correction at 842 

alpha=0.05. P values in (E) and (H) were from chi-square tests. P value in (I) was from two-sample t-843 

test. Abbreviations: ANOVA – analysis of variance, CaMKIId – calcium/calmodulin-dependent protein 844 

kinase II delta, cKO - conditional knockout, Inj – injection, PES – programmed electrical stimulation, 845 

pRyR2 - phospho-RyR2-S2814, pSTAT3 - phospho-Tyr705-STAT3, RyR2 – ryanodine receptor 2, 846 

Sham – sham, SR – sinus rhythm, Thor – thoracotomy, TNT - troponin T, TSR – thoracotomy sinus 847 

rhythm, tSTAT3 - total STAT3, TTI – TTI-101. 848 

849 
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Figure 6. Optical mapping of mouse hearts in sham and thoracotomy mice. Langendorff-perfused 852 

mouse hearts from sham (n=5) and thoracotomy (n=8) mice were paced at 10 Hz, and conduction 853 

velocity and coefficient of variation were assessed in the (A-C) right and (D-F) left atria. Induction of 854 

atrial arrhythmias was assessed using an S1-S2 pacing protocol (see Supplementary Materials). 855 

Representative atrial electrograms and corresponding voltage-sensitive dye oscillations during and 856 

after S1-S2 pacing in (G) Sham and (H) Thor mice. Blue arrows in (G) and (H) denote S1 pacing at 10 857 

Hz while red arrows denote premature stimulus (S2). Red arrowheads in (G) and (H) denote time 858 

stamps at which the images below were taken. White asterisks in paced beat image denotes location 859 

of pacing electrode (right atrium) while yellow asterisks in (H) denote triggered activity. (I) Atrial 860 

arrhythmia incidence, defined as >=2 positive atrial tachyarrhythmia events after S1-S2 pacing, and (J) 861 

the incidence of triggered activity, defined as the percent of total S1-S2 protocols that led to triggered 862 

activity, were significantly greater in thoracotomy versus sham mice. (K) AERP did not differ between 863 

groups. Please note that these data show that triggered activity is the primary arrhythmia mechanism 864 

in our murine poAF mouse model given the lack of reentry-driving substrate alterations. P values in (B-865 

C), (E-F), and (J-K) were derived from two-sample t-tests. P value in (I) was derived from Fisher's exact 866 

test.  Abbreviations: AERP - atrial effective refractory period, CoV - coefficient of variation, CV - 867 

conduction velocity, DADs - delayed afterdepolarizations, Sh - sham, SR - sinus rhythm, Th - 868 

thoracotomy. 869 
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Figure 7. IL-6 is sufficient to induce arrhythmogenic Ca2+ mishandling in ACMs. Primary wild-type 871 

mouse cardiomyocytes were incubated with IL-6 (200 ng/mL) + IL-6Ra (100 ng/mL), followed by (A) 872 

RT-qPCR for Camk2d after 30-min of treatment and (B) western blotting for STAT3-Y705 873 

phosphorylation and CaMKIId protein after 2-h of treatment. Atrial cardiomyocytes (ACMs) isolated from 874 

WT mice were incubated with IL-6 (200 ng/mL) + IL-6Ra (100 ng/mL) or vehicle (PBS) for 1.5-h prior 875 

to confocal imaging of SR Ca2+ handling. (E) ACMs exposed to vehicle (top) or IL-6/R (bottom) were 876 

paced at 1-Hz through field stimulation, followed by a 60-s diastolic pause to assess Ca2+ sparks and 877 

waves prior to rapid 10 mM caffeine exposure to assess SR Ca2+ load. (F) Representative Ca2+ spark 878 

images obtained after the pacing train in ACMs exposed to vehicle (top) or IL-6/R (bottom). Asterisk* 879 

indicates corresponding Ca2+ wave in tracing (E) and spark image (F). Quantification of (G) paced Ca2+ 880 

transient amplitude, (H) CaSpF, (I) SR Ca2+ load, (J) CaSpF/SR Ca2+ load, and (K) Ca2+ wave incidence 881 

(cells with waves/total cells) revealing increased CaSpF, CaSpF/SR Ca2+ load, and waves after IL-6/R 882 

treatment. Number of mice and ACMs are denoted under each figure panel. P-values in (A-D) were 883 

obtained from two-sample t-tests. P-values in (G-J) were from nested t-tests to account for clustering 884 

of data by mouse and treatment group. P value in (K) was from chi-square test. Abbreviations: Ca2+ - 885 

calcium ion, CaSpF – calcium spark frequency, CaT – calcium transient, IL-6/R – interleukin-6 + 886 

interleukin-6 receptor alpha, SR – sarcoplasmic reticulum, TAF – thoracotomy atrial fibrillation. 887 
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 50 

Figure 8. CaMKII inhibition rescues Ca2+ mishandling in poAF. ACMs were isolated from sham, 889 

TSR, and TAF mice. A subgroup of ACMs from TAF mice were pretreated with CaMKII inhibitor KN-93 890 

for 30 minutes prior to confocal Ca2+ imaging. (A) Representative diastolic Ca2+ spark images after 1-891 

Hz field pacing of ACMs isolated from Sh, TSR, TAF, and TAF ACMs pretreated with KN-93. 892 

Quantification of (B) CaSpF, (C) SR Ca2+ load, (D) CaSpF/SR Ca2+ load, and (E) spontaneous Ca2+ 893 

wave incidence. Next, non-phosphorylatable RyR2S2814A, phosphomimetic RyR2S2814D mice, and WT 894 

littermates underwent sham or thoracotomy. (F) Incidence of poAF, (G) number of poAF events, and 895 

(H) poAF duration were decreased in RyR2S2814A compared to WT mice. Please note that these data 896 

show TAF ACMs have greater arrhythmogenic Ca2+ sparks and waves compared to TSR and that 897 

CaMKII inhibition is sufficient to reverse these changes. Indeed, CaMKII phosphorylation at RyR2-898 

S2814 is a necessary action of CaMKII in poAF as RyR2S2814A were protected from poAF. P-values in 899 

(B-E) were from nested 1-way ANOVA to account for clustering of data by mouse and treatment group. 900 

P value in (F) was from chi-square test. P value in (H) was from one-way ANOVA followed by Tukey's 901 

test to correct for multiple testing at a=0.05. Abbreviations: Sh - sham, TSR - thoracotomy sinus rhythm, 902 

TAF - thoracotomy atrial fibrillation, Thor - thoracotomy. 903 
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Table 1. Mouse PES parameters. 905 

 906 

 Sham (n=14) Thor (n=17) Thor + CL (n=14) P 

 Mean±SEM IQR 
(range) Mean±SEM IQR 

(range) Mean±SEM IQR 
(range)  

RR 128.8±4.15 21 (61) 126.4±2.88 32 (38.4) 124.0±4.55 25 (59) 0.700 
PR 43.3±1.03 2.1 (12.1) 44.7±0.90 6.7 (10.9) 44.5±1.82  10.9 

(20.4) 
0.720 

QRS 14.1±0.20 1.3 (2.5) 14.5±0.35 2.7 (4.2) 15.1±0.93 1.7 (2.9) 0.071 
SNRT 178.2±13.95 66 (194) 156.5±6.04 36 (102) 163.2±10.16 53 (129) 0.309 
AVERP 48.7±1.52 6.5 (24) 50.6±2.08 8.0 (38) 55.9±7.24 9.0 (30) 0.460 
 Sham (n=12) Thor (n=17) Il6ra cKO (n=13) P 

 Mean±SEM IQR 
(range) Mean±SEM IQR 

(range) Mean±SEM IQR 
(range)  

RR 128.0±5.65 37 (58) 132.0±4.08 26 (64) 126.0±4.13 31 (46) 0.624 
PR 42.9±1.42 5.7 (19.2) 44.2±0.59 3.0 (10.1) 46.2±1.02 5.5 (14) 0.094 
QRS 13.9±0.27 1.2 (3.0) 14.1±0.26 1.7 (3.3) 13.8±0.16 0.80 (2.1) 0.578 
SNRT 146.9±8.77 43 (98) 158.1±8.58 59 (109) 165.9±10.5 29 (131) 0.401 
AVERP 51.3±2.50 15 (30) 53.1±1.57 7.0 (30) 48.9±1.67 9.0 (20) 0.267 
 Sham (n=11) Thor (n=14) Thor + S3I (n=14) Thor + TTI (n=12) P 

 Mean±SEM IQR 
(range) Mean±SEM IQR 

(range) Mean±SEM IQR 
(range) Mean±SEM IQR 

(range)  

RR 138.4±5.17 20 (59) 128.5±3.99 17 (57) 123.9±3.79 23 (53) 129.3±5.13 30 (53) 0.172 
PR 45.0±0.64 3.0 (7.5) 45.0±0.93 3.1 (14) 44.0±0.93 6.0 (11.7) 43.6±0.79 3.0 (11) 0.596 
QRS 14.0±0.33 1.3 (4.2) 13.8±0.28 1.6 (3.3) 14.3±0.37 1.4 (5.8) 13.5±0.24 1.2 (3.0) 0.384 
SNRT 183.6±12.52 47 (148) 166.9±8.29 35 (109) 152.6±8.14 34 (110) 163.9±9.27 26 (93) 0.174 
AVERP 54.8±1.12 6.5 (10) 52.2±2.21 7.5 (28) 53.3±1.38 8.5 (18) 49.7±2.45 10 (32) 0.311 
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 Sham (N=12) Thor (WT, N=13) Thor (RyR2S2814A, N=11) Thor (RyR2S2814D, N=13) P 

 Mean±SEM IQR 
(range) Mean±SEM IQR 

(range) Mean±SEM IQR 
(range) Mean±SEM IQR 

(range)  

RR 136±3.67 21 (44) 125±3.80 24 (44) 119±3.44 23 (33) 121±5.45 27 (66) 0.039 
PR 44.7±1.29 7.0 (13) 45.5±0.77 5.5 (8.4) 44.9±0.80 3.3 (9.5) 46.4±1.04 6.9 (10) 0.612 
QRS 13.9±0.32 1.3 (3.8) 14.1±0.16 0.70 (2.1) 13.8±0.26 1.7 (2.4) 14.4±0.24 1.5 (2.5) 0.440 
SNRT 199±25.5 123 (267) 148±10.3 60 (117) 153±9.1 58 (86) 190±16.9 114 (165) 0.065 
AVERP 50.7±1.99 10 (20) 49.7±2.16 10.5 (26) 47.1±1.60 7.0 (16) 47.5±2.19 6.0 (30) 0.556 

 907 

Electrocardiographic parameters from mouse PES studies. Values displayed in ms as mean (SEM). P values were obtained from one-908 

way ANOVA. Abbreviations: ANOVA - analysis of variance, AVERP - atrioventricular nodal effective refractory period, CL - clodronate 909 

liposome, ms - millisecond, IQR - interquartile range, PES - programmed electrical stimulation, SEM - standard error of the mean, SNRT 910 

- sinus node recovery time, Thor - thoracotomy, TTI - TTI-101. 911 


