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The protective role of GATA6+ pericardial
macrophages in pericardial inflammation

David M. Hughes,1,5 Taejoon Won,2 Monica V. Talor,2 Hannah M. Kalinoski,3 Ivana Jur�cová,4 Ondrej Szárszoi,4

Ilja St�rı́�z,4 Lenka �Curnová,4 William Bracamonte-Baran,2,6 Vojt�ech Melenovský,4 and Daniela �Ciháková2,3,7,*
SUMMARY

Prior research has suggested that GATA6+ pericardial macrophagesmay traffic to themyocardium to pre-
vent interstitial fibrosis after myocardial infarction (MI), while subsequent literature claims that they do
not. We demonstrate that GATA6+ pericardial macrophages are critical for preventing IL-33 induced peri-
carditis and attenuate trafficking of inflammatory monocytes and granulocytes to the pericardial cavity
after MI. However, absence of GATA6+ macrophages did not affect myocardial inflammation due to MI
or coxsackievirus-B3 induced myocarditis, or late-stage cardiac fibrosis and cardiac function post MI.
GATA6+ macrophages are significantly less transcriptionally active following stimulation in vitro
compared to bone marrow-derived macrophages and do not induce upregulation of inflammatory
markers in fibroblasts. This suggests that GATA6+ pericardial macrophages attenuate inflammation
through their interactions with surrounding cells. We therefore conclude that GATA6+ pericardial macro-
phages are critical in modulating pericardial inflammation, but do not play a significant role in controlling
myocardial inflammation or fibrosis.

INTRODUCTION

Serous cavities such as the cranial, pleural, pericardial, and peritoneal cavities serve critical functions by providing physical protection and

lubrication to the tissues within the cavity and by hosting resident immune cells capable of responding to injury or infection.1–4 The pericardial

cavity, the serous cavity that surrounds the heart, has long been studied for its role in maintaining cardiac health.5–8 The pericardium, which

contains the pericardial cavity, is composed of three distinct layers: the parietal, visceral, and serous pericardium.7,8 The parietal pericardium,

the outermost layer, consists primarily of a network of collagen fibers with smaller elastin fibers interspersed throughout to provide elastic-

ity.7,9 The next innermost layer, the visceral pericardium, is amonolayer of mesothelial cells entrenched in a collagenous backing.1 The visceral

pericardium forms an envelope comprising the innermost layer of the parietal pericardium and the outermost layer of the epicardium. This

envelope contains the final layer of the pericardium, the serous pericardium or pericardial cavity. The serous pericardium contains the peri-

cardial fluid. Most of the research has focused on the physical effects of either the fibrous parietal pericardium, or changes in the molecular

contents of the pericardial fluid.1,2,10 This fluid is a plasma ultrafiltrate derived from the epicardial capillaries and interstitial fluid that fills the

pericardial cavity and contains hundreds of molecules and cells with the potential for influencing disease progression.3,5,11,12 Much of the

research on the pericardium during disease has focused on the non-cellular components such as adrenomedulin, IGF-1, MMP-2, asymmetric

dmethylarginine, and FGF-25,6,11–14 and demonstrated that the molecular composition of the pericardium is significantly altered during dis-

ease. For example, pericardial fluid from ischemic heart disease patients is reported to induce apoptosis in cultured cardiomyocytes through

the activation of the P38 MAPK pathway.15 Additionally, anterior myocardial infarction (MI) leads to a significant increase of adrenomedullin,

IL-6 and IL-1b.16 MI also elevates pericardial fluid concentrations of MMP-2, MMP-9, IL-8, acidic fibroblast growth factor (FGF), and basic

FGF.17–19

Despite these robust studies on the molecular composition of pericardial fluid and its relationship with cardiac disease, there is relatively

less known with regards to how the pericardial cells themselves are able to influence disease progression. Pericardial interstitial cells, the

dominant cell subtype in the healthy pericardium, include the pericardial fibroblasts and the pericardial mesothelial cells that make up the

lining of the pericardial cavity.20–24 While these cells have been described in the healthy pericardium, little is known about their role during

cardiac diseases. Recently, GATA6+ pericardial macrophages have emerged as a cell of interest during the development of MI.3,25 GATA6+
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macrophages are a unique resident macrophage population primarily described by the transcription factor GATA6 and have been described

in both the pleural and peritoneal cavities where they are thought to play important reparative roles during injury and disease

progression.3,4,26

Serous cavities such as the peritoneum and pericardium contain two main macrophage phenotypes. There is a bone marrow-derived,

small macrophage population that are referred to as small peritoneal macrophages (SPMs) in the peritoneum and a GATA6+ resident large

macrophage population denoted as large peritoneal macrophages (LPMs) in the peritoneum.27 GATA6+ resident pericardial macrophages

may be distinguished from other macrophages phenotypes within the cavity based on their expression of the transcription factor GATA6, the

phosphatidylserine receptor TIM-4 and the marker CD73.28,29 GATA6+ resident serous cavity macrophages may also be distinguished from

non-GATA6+ bone marrow-derived macrophages based changes in F4/80 and MHCII expression. GATA6+ resident macrophages express

elevated F4/80 and lack MHCII, while bone marrow-derived non-resident serous cavity macrophages have a lower of F4/80 expression

and elevated MHCII.27 The GATA6+ pericardial macrophages may also be distinguished from their myocardial counterparts based on their

expression of GATA6.3 GATA6 is critical in these macrophages for metabolic regulation and survival. The myocardial tissue contains both

resident and monocyte-derived macrophages.30,31 Both cardiac macrophages and monocytes may be CD64+F4/80+; however, monocytes

may be distinguished from macrophages based on the expression of Ly6C on the monocytes.32 Macrophages may also be separated into

resident and monocyte-derived through the expression of CCR2, where cardiac resident macrophages are CCR2� and monocyte-derived

macrophages are CCR2+.33 The GATA6+ macrophages in other cavities, such as the pleural and peritoneal, are phenotypically similar to

GATA6+ pericardial macrophages, leading to the assertion that theymay play similar roles in the heart as peritoneal and pleuralmacrophages

play in the peritoneum and lungs, respectively.3,34

Controversy has emerged over the role of GATA6+ pericardial macrophages duringMI. A 2019 study found that GATA6+ pericardial mac-

rophages migrate to the myocardium post-MI and prevent interstitial fibrosis. However, a separate 2022 publication discovered that these

macrophages are incapable of such migration and therefore do not influence fibrosis post-MI.3,25 There is also no current literature on the

role of GATA6+ pericardial macrophages in other cardiovascular diseases such as myocarditis or pericarditis. The goal of the research pre-

sented here is to fill in gaps in our understanding of how pericardial macrophages influence cardiac disease. We aim to understand how

GATA6+ pericardial macrophages influence a variety of etiologies of cardiac inflammatory diseases to more comprehensively understand

how these cells influence cardiac inflammation affecting the pericardium andmyocardium. To this aim, we analyzed the role of GATA6+ mac-

rophages in pericarditis, MI, and myocarditis. This allowed us to provide a comprehensive view of howGATA6+ macrophages behave during

inflammation of both the pericardium and myocardium and their influence on cardiac health. This has also allowed us to determine not only

how GATA6+ pericardial macrophages influence cardiac disease accompanied by inflammation, but also where they are most important for

modulating inflammation around the heart: in the pericardium itself rather than the myocardial tissue. Through this we hope to illuminate

important mechanisms by which GATA6+ pericardial macrophages influence MI, myocarditis, and pericarditis.

We have ordered these results such that we first examined inflammation during three major etiologies of cardiovascular disease (pericar-

ditis, myocardial infarction, and myocarditis). Pericarditis was chosen first, as it is the home cavity of these cells. Myocardial infarction

and myocarditis were both chosen as models of investigating how the GATA6+ pericardial macrophages would respond to injury in the

myocardium. As the model of myocardial infarction involves direct injury to the pericardium, myocarditis was chosen as a secondary model

of myocardial injury with no pericardial damage required. As the following results found that GATA6+ pericardial macrophages did not in-

fluence CVB3-induced myocarditis, we chose not to investigate the myocarditis disease model further. Once the influence of GATA6+ peri-

cardial macrophages on the early inflammatory phase of myocardial infarction had been established, we chose to examine how pericardial

macrophages influence specifically pericardial inflammation during disease. As the main outcome of myocardial infarction is late-stage re-

modeling leading to heart failure, we subsequently examined the influence of GATA6+ pericardial macrophages over this late-stage remod-

eling phase of myocardial infarction. Lastly, we utilized in vitro studies to explore the mechanism by which GATA6+ pericardial macrophages

may be influencing these illnesses.
RESULTS

GATA6+ pericardial macrophages protect against eosinophilic pericarditis

We first sought to examine how GATA6+ pericardial macrophages influence pericardial inflammation to better understand how these cells

affect disease within the serous cavity. To this end we induced eosinophilic pericarditis in LysCre or LysCreGATA6fl/fl mice lacking pericardial

macrophages using a previously establishedmodel to examine howGATA6+ pericardial macrophages influence pericardial inflammation35,36

(Figure 1A).We have previously demonstrated that thismodel of pericarditis induces clinically significant pericarditis inmice by IL-33 to innate

lymphoid cells and eosinophils pathway.35 Briefly, IL-33 was injected intra-peritoneally at day 0, and every other subsequent day until mice

were sacrificed at day 10 and hearts were examined by flow cytometry and histology. For histology images, IL-5 was injected concurrently

with IL-33 in order to increase the number of eosinophils and severity of the pericarditis. We found that LysCre mice developed very mild peri-

cardial inflammation while LysCreGATA6fl/fl mice developed significant pericarditis as evident by immune infiltration in the pericardium by his-

tology (Figure 1B). To appropriately quantify the pericardial inflammation, the perimyocardial region most affected by pericardial inflamma-

tion was isolated from each sample (Figure 1C). These images were then fed into the MATLAB code where the nuclei were optically isolated

and counted. An example output can be seen in Figure S2A. This analysis revealed that LysCreGATA6fl/fl perimyocardial regions contained

significantlymore nuclei, indicative of increased inflammation (Figure 1D).We also observed a trending increase in overall area of the selected

region in LysCreGATA6fl/fl mice, corresponding to a significantly increased average pericardial thickness in thesemice (Figures 1E and 1F). The
2 iScience 27, 110244, July 19, 2024



Figure 1. GATA6+ pericardial macrophages protect against eosinophilic pericarditis

(A) Schematic of experimental design.

(B) Representative histology of LysCre and LysCreGATA6fl/fl mice. Scale bar: 100 mm. Zoom: 103.

(C) Histology showing isolated pericardium. Scale bar: 50 mm. Zoom: 203.

(D) Nuclei present in each image of the pericardium (LysCre n = 5, LysCreGATA6fl/fl n = 4).

(E) Area of each pericardial histology section.
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Figure 1. Continued

(F) Average thickness of the pericardium along the region of interest.

(G) Maximum thickness of the pericardium in the region of interest.

(H) Pie charts comparing major leukocyte compartments between LysCre and LysCreGATA6fl/fl mice (LysCre n = 10, LysCreGATA6fl/fl n = 10). Proportions are a

percentage of CD45+ cells of whole heart with pericardium.

(I) Pie charts comparing Ly6C and CCR2 expression between LysCre and LysCreGATA6fl/fl mice. Proportions are a percentage of CD64+F4/80+ cells. * indicates

populations that are significantly different (p < 0.05).

(J) Ly6C+CCR2- cells as a proportion of CD64+F4/80+ cells.

(K) Ly6C�CCR2+ cells as a proportion of CD64+F4/80+ cells.

(L) Schematic of isolation of the pericardial tissue.

(M) Pie charts comparingmajor leukocyte compartments between LysCre and LysCreGATA6fl/flmice in the pericardial tissue alone. Proportions are a percentage of

CD45+ cells. Statistics: Student’s t test with Welch’s correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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average pericardial thickness was calculated by taking 12 representativemeasurements evenly distributed across the pericardium as shown in

Figure S2B. There was no difference in themaximum thickness of the pericardium in either group, demonstrating that both groups did at least

develop very mild disease, although disease did not affect as much of the pericardium in the LysCre controls based on the average thickness

(Figure 1G).

Next, to investigate which cells contributed to more severe pericarditis in Lys2CreGATA6fl/fl mice, we profiled the immune cells in the heart

including both pericardium and myocardium using flow cytometry. We initially chose to examine the whole heart with the pericardial and

myocardial tissues taken together. An example gating strategy may be found in Figure S1. We observed no significant difference in the total

proportion of CD45+ leukocytes (Figure S2C); however, further analysis revealed that there were many significant differences in the compo-

sition of infiltrating immune cells in the hearts of LysCreGATA6fl/fl and LysCre mice as a percentage of total CD45+ leukocytes (Figure 1H).

Namely, LysCreGATA6fl/fl mice had a lower proportion of CD19+ B cells, Ly6G+ neutrophils, and CD64+F4/80+ macrophages and monocytes.

These mice also had a higher proportion of Ly6G+SiglecF+ granulocytes and SiglecF+ eosinophils. LysCreGATA6fl/fl mice also had a higher

proportion of Ly6G+SiglecF+ granulocytes out of CD11b+ myeloid cells (Figure S2D). When we examined macrophages and monocytes as

a proportion of their parent gate, the CD64+F4/80+ compartment specifically, LysCreGATA6fl/fl also had proportionally fewer Ly6C+CCR2�

monocytes and more Ly6C�CCR2+ macrophages (Figures 1I–1K). Following this, we sought to determine whether these changes were spe-

cific to the pericardium or if there were any noticeable changes within the myocardium as well. We repeated the induction of pericarditis;

however, we surgically separated pericardial and myocardial tissue during the sacrifice for separate flow cytometry analyses (Figures 1L

and S2E).We found that therewas no difference in the proportion of CD45+ cells between LysCreGATA6fj/fl mice and controls in the pericardial

tissues (Figure S2F). We did, however, observe a significant increase in the proportion of Ly6G+ neutrophils, Ly6G+SiglecF+ granulocytes, and

SiglecF+ eosinophils in the pericardium of LysCreGATA6fl/fl mice along with a decrease in the proportion of CD19+ B cells (Figure 1M). We

observed no significant differences when examining the myocardium alone (Figures S2G and S2H). Taken together, these data indicate

that GATA6+ pericardial macrophages prevent the recruitment of granulocytes specifically to the pericardial cavity and peri-myocardial

area but not to themyocardiumduring IL-33 inducedpericarditis. These results indicate that GATA6+ pericardialmacrophages play an impor-

tant role in preventing the accumulation of eosinophils within the pericardial cavity during IL-33 and IL-5 induced pericarditis mouse model.
GATA6+ pericardial macrophages do not attenuate myocardial inflammation in myocardial infarction or coxsackievirus-B3

myocarditis

Following the observation that GATA6+ pericardial macrophages appear to be protective against IL-33 induced pericarditis, we sought to

examine whether GATA6+ pericardial macrophages had a role in protection from myocardial inflammation using two different models of

myocardial inflammation, MI and in CVB3-induced myocarditis. We first examined myocardial inflammation during early-stage MI. The MI

mouse model is characterized by three distinct phases: an early inflammatory phase peaking at day 3, a proliferative phase lasting from

day 4 to day 10, and a final cardiac remodeling phase from day 11 onwards where the majority of ventricular remodeling occurs leading

to heart failure.31,37 We induced infarction by surgically ligating the left anterior descending (LAD) artery (Figure 2A). At day 3 post-MI whole

hearts, the pericardium and myocardium together, were collected for flow cytometry analysis. There was no difference in the proportion of

total CD45+ cells between groups (Figure S3A). We found that the absence of GATA6+ pericardial macrophages lead to an increase in the

proportion of Ly6C�CCR2+ macrophages and a decrease in the proportion of Ly6C+CCR2� monocytes out of total CD45+ cells (Figures 2B–

2D).Whenwe examined themacrophage andmonocyte compartment exclusively, we found increases in the proportions of Ly6C�CCR2+ and
Ly6C�CCR2- macrophages, while there was a decrease in the proportion of Ly6C+CCR2� monocytes in the LysCreGATA6fl/fl mice (Figure 2E).

Overall, immune cell frequencies in the heart wereminimally affected by the absence of GATA6+ pericardial macrophages during acute stage

of MI.

Since the MI model involves a surgical procedure that damages both the myocardium and pericardium, we chose to examine the role of

GATA6+ pericardial macrophages in CVB3-induced myocarditis as well. We induced disease by injecting CVB3-virus intra-peritoneally and

harvesting hearts at day 8 post-infection for histology and flow cytometry (Figure 2F). We found no differences in inflammation by myocarditis

score as determined by histology (Figures 2G and 2H). Additionally, we observed no significant differences in the immune profile of hearts

after infection by flow cytometry (Figures 2I and S3B). Additionally, we observed no indications of pericarditis in either group based on the

histology results present in Figures 2G and 2H. Thus, the presence or absence of GATA6+ pericardial macrophages did not significantly alter
4 iScience 27, 110244, July 19, 2024
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Figure 2. GATA6+ pericardial macrophages do not attenuate myocardial inflammation in myocardial infarction or coxsackievirus-B3 myocarditis

(A) Schematic of experimental design for MI.

(B) Pie charts comparing major leukocyte compartments between LysCre and LysCreGATA6fl/fl mice (LysCre n = 8, LysCreGATA6fl/fl n = 12) in the whole heart with

pericardium and myocardium. Proportions are a percentage of CD45+ cells. * indicates populations that are significantly different (p < 0.05).

(C) Ly6C+CCR2� cells as a proportion of CD45+ cells.

(D) Ly6C�CCR2+ cells as a proportion of CD45+ cells.

(E) Pie charts comparing Ly6C and CCR2 expression between LysCre and LysCreGATA6fl/fl mice. Proportions are a percentage of CD64+F4/80+ cells. * indicates

populations that are significantly different (p < 0.05).

(F) Schematic of experimental design for CVB3 myocarditis.

(G) Myocarditis score of mice exposed to CVB3 (LysCre n= 9, LysCreGATA6fl/fl n= 10). Score 1: <10% inflammation, Score 2: 10–20% inflammation, Score 3: 30–50%

inflammation, Score 4: 50–90% inflammation.

(H) Representative histology slides of LysCre and LysCreGATA6fl/fl mice. Scale bar: 200 mm. Zoom: 1.253.

(I) Pie charts comparing major leukocyte compartments between LysCre and LysCreGATA6fl/fl mice. Proportions are a percentage of CD45+ cells. Statistics:

Student’s t test with Welch’s correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

ll
OPEN ACCESS

iScience
Article
the severity or type of immune cells infiltrating the heart during acute stage of CVB3-induced myocarditis. In summary, the absence of

GATA6+ pericardial macrophages during acute MI and CVB3-induced myocarditis only led to minor changes in frequencies of immune cells

infiltrating the myocardium, without affecting the severity of inflammation.
GATA6+ pericardial macrophages influence pericardial inflammation in response to myocardial tissue damage

While the absence of GATA6+ pericardial macrophages only induced minor changes to early inflammation within the myocardial and peri-

cardial tissue, we next sought to analyze whether the GATA6+ pericardial macrophages significantly influenced inflammation within the peri-

cardium specifically during myocardial infarction. We induced MI in LysCre or LysCreGATA6fl/fl mice and sacrificed the mice at day 3 post-MI.

Controls received sham surgeries. At day 3 post-MI we isolated the pericardial tissue in the samemanner as described previously (Figure 3A).

There was no significant difference between LysCre or LysCreGATA6fl/fl mice in the changes in the percentage of CD45+ cells out of total live

cells within the pericardial tissue of the test and control animals (Figure 3B). However, we found significant shifts in immune cell composition

based on both injury (sham vs. MI) and genotype (the presence or absence of GATA6+ pericardial macrophages) (Figure 3C). We determined

that LysCreGATA6fl/fl mice who received sham surgery had an elevated proportion of CD3+ T cells and SiglecF+ eosinophils, while exhibiting a

significant decrease in the proportion of F4/80+ macrophages (Figures 3D–3F). Interestingly, there was a significant decrease in F4/80+ mac-

rophages in LysCre mice who received infarctions, similar to the already described macrophage disappearance reaction in myocardium after

MI.38 LysCreGATA6fl/fl who received infarctions only showed a trending decrease in F4/80+ macrophages compared to their LysCre counter-

parts, due to the reduction of macrophages in the LysCre mice compared to sham controls. LysCreGATA6fl/fl mice receiving infarction also

showed a significant reduction in the proportion of CD19+ B cells and a significant increase in TCRgd+ T cells and Ly6G+SiglecF+ granulocytes,

similar to our findings in the pericarditis model (Figures 3G–3I). Thus, the absence of GATA6+ macrophages led to significant changes in im-

mune cell composition in sham and MI mice, although it did not alter the severity of inflammation after MI.
GATA6+ pericardial macrophages minimally influence cardiac remodeling in myocardial infarction

While we observed only minor differences in acute inflammation between LysCre and LysCreGATA6fl/fl mice duringMI, we examined whether the

absence of GATA6+ pericardial macrophageswould influence late-stage fibrosis and cardiac remodeling. Currently, there are contradictory find-

ings on the role of GATA6+ pericardial macrophages in controlling post-infarction fibrosis. A 2019 publication found that GATA6+ pericardial

macrophagesmigrated to the site of injury andwere critical for preventing interstitial fibrosis, while a separate 2022 publication found that these

macrophages did not migrate to the myocardium and do not influence fibrosis.3,25 We therefore sought to provide additional findings to help

resolve this issue through an unbiased assessment of histology usingMATLAB code coupledwith echocardiography to examine cardiac function

in addition to our findings in inflammation during pericarditis, myocarditis and the early inflammatory phase of MI. At day 21 post-infarction we

found that overall fibrosis was significantly higher in LysCreGATA6fl/fl mice based on overall fibrotic area (Figures 4A and 4B). In order to more

accurately assess fibrosis and remove researcher bias, images were run through a MATLAB code to isolate fibrotic and healthy tissue regions

and determine the percent fibrotic area based on pixel counts. Example plots showing the separation of whole histology slices and smaller,

zoomed in regions are displayed in Figures S4A and S4B. We also broke down the analysis into specific regions, similar to Deniset et al.3 The

infarct zone was selected as the region in the middle of the left ventricle. We found no differences in fibrotic area in the infarct zone, both ge-

notypes displayed significant fibrosis and interstitial fibrosis (Figures 4C and 4D). The border zone was chosen as the region where fibrosis from

the infarct zone begins to enter healthy tissue. Again, weobserved no significant differences in fibrotic area within this region (Figures 4E and 4F).

The remote zone was chosen as a random tissue region outside the infarct zone. In contrast to previous reports, both LysCre and LysCreGATA6fl/fl

mice exhibited very limited fibrosis in the remote zone, with the exception of one mouse in each group (Figures 4G and 4H). We also noted no

significant change in the average orminimum left ventricular thickness at this late timepoint (Figures 4I and 4J). Additionally, we assessed cardiac

function by echocardiography and found no difference in ejection fraction or left ventricular internal diameter end diastole (LVIDD) (Figures 4K

and 4L). Similar resultswereobtained for fractional shortening, intraventricular septal thickness end systole (IVSS), intraventricular septal thickness

end diastole (IVSD), left ventricular internal diameter end systole (LVIDS), left ventricular posterior wall thickness end systole (LVPWS), and left

ventricular posterior wall end diastole (LVPWD) (Figures S5A–S5D). We also performed electrocardiography (EKG) on these mice and found
6 iScience 27, 110244, July 19, 2024



Figure 3. GATA6+ pericardial macrophages influence pericardial inflammation in response to myocardial tissue damage

(A) Schematic of experimental design.

(B) CD45+ leukocytes as a percentage of live cells (LysCre sham n = 4, LysCre infarct n = 9, LysCreGATA6fl/fl sham n = 4, LysCreGATA6fl/fl n = 8) within the pericardium

alone.

(C) Pie charts comparing major leukocyte compartments between LysCre and LysCreGATA6fl/fl mice based on surgical status of sham or infarction. Proportions are

a percentage of CD45+ cells.

(D) CD3+ cells as a proportion of CD45+ cells.

(E) SiglecF+ cells as a proportion of CD45+ cells.

(F) F4/80+ cells as a percentage of CD45+ cells.

(G) CD19+ cells as a percentage of CD45+ cells.

(H) TCRgd+ cells as a percentage of CD45+ cells.

(I) Ly6G+SiglecF+ cells as a percentage of CD45+ cells. Statistics: two-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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no discernable differences in the DI waveforms based on the presence or absence of GATA6+ pericardial macrophages (Figures S5E and S5F).

Overall, the absence ofGATA6+ pericardial macrophages led tominor changes in overall fibrosis; however, this did not correspond to anymean-

ingful changes in cardiac function or ventricular wall thickness.

GATA6+ serous cavity macrophages uniquely respond to inflammatory stimuli in vitro

Our next step was to understand both howGATA6+ pericardial macrophages influence pericardial inflammation and why they do not appear to

influence myocardial inflammation. Prior literature suggests that GATA6+ pericardial macrophages do not traffic to the myocardium
iScience 27, 110244, July 19, 2024 7
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Figure 4. GATA6+ pericardial macrophages do not protect from cardiac remodeling in myocardial infarction

(A) Representative histology showing whole cross section between LysCre and LysCreGATA6fl/fl mice. Zoom: 1.253, scale bar: 200 mm.

(B) Percent fibrotic area calculated via MATLAB (LysCre n = 8, LysCreGATA6fl/fl n = 10).

(C) Representative histology of the infarct zone.

(D) Percent fibrotic area of the infarct zone.

(E) Representative histology of the border zone.

(F) Percent fibrotic area of the border zone.

(G) Representative histology of the remote zone.

(H) Percent fibrotic area of the remote zone.

(I) Ejection fraction (EF).

(J) Intraventricular septal end diastole (IVSD).

(K) Left ventricular internal diameter end diastole (LVIDD).

(L) Left ventricular posterior wall end diastole (LVPWD). Zoomed in sections are 203 zoom, scale bar: 50 mm. Scale bars for zoomed in sections of (E) are applicable

to zoomed in sections of (F) and (G). Statistics: Student’s t test with Welch’s correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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post-infarction.25 Using imaging flow cytometry, wedemonstrated that pericardialmacrophages express a separate integrin dimer tomyocardial

macrophages (Figure 5A). GATA6+ pericardial macrophages primarily expressed the arginine-glycine-aspartic acid (RGD) receptor-binding in-

tegrin aVb3, while myocardial macrophages expressed the laminin integrin receptor a6b1.39We also noted differences in integrin expression by

flow cytometry (Figure 5B). GATA6+ pericardial macrophages expressed the integrins b2, b3, and b5, while myocardial macrophages did not.

GATA6+ pericardial macrophages also displayed greater heterogeneity, frequently showing a bimodal distribution, while myocardial macro-

phages typically displayed a monomodal distribution. These different integrins suggested that GATA6+ pericardial macrophages may have

limited influence over the myocardial cavity due to a limited ability to migrate to and survive within the myocardial tissue.

Next, we examined a mechanism of how GATA6+ pericardial macrophages might influence pericardial inflammation. We performed

in vitro experiments to determine how GATA6+ macrophages respond to inflammatory stimuli compared to their bone marrow-derived

macrophage (BMDM) counterparts. As the number of GATA6+ pericardial macrophages needed for this experiment would have required

a prohibitive number of mice, GATA6+ peritoneal macrophages were chosen as an analogue to GATA6+ pericardial macrophages since

they are phenotypically similar.3,4,34 BMDMs were chosen as analogous to the small GATA6�, bone marrow-derived macrophages that

are present within the serous cavity spaces.27 Peritoneal fibroblasts were also used as a feeder layer, as GATA6+macrophages did not survive

culture on their own (data not shown). The experimental workflow can be found in Figure 5C. In brief, peritoneal fibroblasts were obtained

from wild-type (WT) B6 mice and co-cultured with either GATA6+ macrophages or BMDMs and stimulated with either 100 ng/mL lipopoly-

saccharide (LPS) ormediumalone.Macrophages and fibroblasts were then separated viamagnetic activated cell sorting (MACS) sorting using

CD45 magnetic microbeads and processed for RT-PCR-based analysis of the expression levels of select genes.

BMDMs, but not GATA6+ macrophages, significantly upregulated CCL2, CCL11, CxCL9, and IL-1b in response to LPS stimulation

(Figures 5D–5G). CCL2 is an important monocyte chemoattractant, while CCL11 and CxCl9 are important for attracting eosinophils. IL-1b

is an important cytokine for multiple etiologies of inflammation and also plays a critical role in the recruitment of neutrophils. Similar results

were observed for IL-6, IL-10, andMMP12 (Figures S6A–S6C). TIMP2meanwhile, was significantly decreased inGATA6+macrophages regard-

less of stimulation (Figure S5D). We also analyzed the fibroblasts that were subject to LPS stimulation and found that BMDMs but not GATA6+

macrophages stimulated fibroblasts to upregulate CCL2 and CCL11 (Figures 5H and 5I). GATA6+ macrophages did, however, cause a trend-

ing but not significant upregulation of granulocyte-macrophage colony stimulating factor (GM-CSF) and significant downregulation of a-SMA

(Figures 5J and 5K). Additionally, we observed BMDMs lead to significant upregulation of MMP9 under LPS stimulation, while the expression

of MMP9 induced byGATA6+macrophages remained constant regardless of stimulation (Figure S6E).We also observed that BMDMsbut not

GATA6+ macrophages induced upregulation of MMP12 in fibroblasts (Figure S6F). Additionally, data are not shown for CCL24, MHCII, and

IL-7 due to a lack of significant results. This demonstrates that GATA6+macrophages respond uniquely to inflammatory stimuli. BMDMs stim-

ulated with LPS led to upregulation of granulocyte chemoattractants while GATA6+ macrophages did not strongly respond to stimulation.

Additionally, BMDMS but not GATA6+ macrophages induced upregulation of eosinophil and monocyte chemoattractants in fibroblasts.

These effects may explain the previously described increase in granulocytes and CCR2+ macrophages during pericardial inflammation in

mice lacking GATA6+ macrophages, as in the absence of GATA6+ macrophages, only non-GATA6+ macrophages will be present to interact

with the surrounding stroma which may allow for accumulation of these pro-inflammatory markers. These results suggest that GATA6+ large

pericardial macrophages may function primarily by out-competing or crowding out their non-GATA6+ small bone marrow-derived counter-

parts during homeostasis and disease.
DISCUSSION

Myeloid cells have been shown to play important roles in many cardiovascular diseases.32,40–42 However, much of this work has focused on

monocyte-derived macrophages and not the various subsets of resident macrophages that are associated with the heart. CD64+F4/80+ car-

diac resident macrophages have emerged as a subset of cells of interest in cardiac inflammation.30,32 In addition to myocardial resident mac-

rophages, a second population of resident macrophages within the pericardial cavity has been found that is phenotypically different from

myocardial resident macrophages.3,34 Only recently have pericardial macrophages become a major topic of interest, where much of the

research has been on the effects of pericardial macrophages on post-infarction cardiac remodeling or in clinical case studies.3,25,43,44 We
iScience 27, 110244, July 19, 2024 9



Figure 5. GATA6+ serous cavity macrophages uniquely respond to inflammatory stimuli in vitro

(A) Co-localization of major integrin dimers of pericardial macrophages (top) and myocardial macrophages (bottom).

(B) Histograms showing expression of integrin monomers on pericardial and myocardial macrophages.

(C) Schematic of in-vitro experiments.

(D) CCL2 mRNA fold change in macrophages (n = 3 for all groups).

(E) CCL11 mRNA fold change in macrophages.

(F) CxCL9 mRNA fold change in macrophages.

(G) IL-1b mRNA fold change in macrophages.

(H) CCL2 mRNA fold change in fibroblasts.

(I) CCL11 mRNA fold change in fibroblasts.

(J) GM-CSF mRNA fold change in fibroblasts.

(K) a-SMA mRNA fold change in fibroblasts. Statistics: for macrophages two-way ANOVA with Tukey’s multiple comparisons test was used. For fibroblasts one-

way ANOVA with Tukey’s post-test was used. Lines between groups represent the result of Tukey’s post-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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therefore chose to examine the role of GATA6+ pericardial macrophages in multiple cardiovascular diseases pathologies in mice models to

explore their contributions toward modulating inflammation in and around the heart.

We demonstrate here that the absence of GATA6+ pericardial macrophages is associated with more severe disease in a murine model of

IL-33-inducedpericarditis. Thismodel has been previously associatedwith cardiac dysfunction via reduced ejection fraction, although this was

not investigated in this study.35 The absence of GATA6+ cells is associated with increased trafficking of eosinophils and bonemarrow-derived

monocytes to the pericardium. The protective effects of GATA6+ pericardial macrophages appeared to be specific to the pericardium, as

there was no effect on inflammation in the myocardial tissue during this model of pericarditis. These protective effects are reminiscent of

a previously described effect where CCR2� cardiac macrophages inhibit the migration of monocytes to the site of injury.33 Cardiac macro-

phages have been assigned wide variety of roles during disease such as influencing the migration of cells to the site of injury, efferocytosis,

phagocytic clearance of debris, or by promoting the production of anti-inflammatory factors.30,33,40,45,46 Prior research has also observed that

macrophages prevent the accumulation of T cells within the tumor microenvironment based on experiments where macrophage depletion

resulted in an increase in T cells within the tumor and an increase in Cxcl9 and CxCl10 production.47,48 However, while macrophages have

been shown to interact with eosinophils and neutrophils, macrophages have not previously been shown to inhibit their trafficking.49–51

Our findings suggest thatGATA6+ pericardialmacrophages serve a similar function in the pericardiumas CCR2�macrophages in themyocar-

dium, with the GATA6+ macrophages primarily inhibiting granulocyte trafficking. By inhibiting the migration of granulocytes to the pericar-

dium, the GATA6+ pericardial macrophages prevent IL-33 induced pericarditis in mice. We also observed a reduction in the proportion of

Ly6C+CCR2� monocytes migrating to the myocardium in LysCreGATA6fl/fl mice, further demonstrating the similarity between GATA6+ peri-

cardial macrophages and CCR2� myocardial resident macrophages.

There is currently significant disagreement on the role of GATA6+ pericardial macrophages duringMI. One group has stated the GATA6+

pericardial macrophages traffic to the myocardium to prevent interstitial fibrosis and another group has showed these macrophages do not

traffic to the myocardium and therefore should not affect interstitial fibrosis.3,25 We found that GATA6+ pericardial macrophages had minor

but significant effects during the early inflammatory phase leading to a reduction in the proportion of Ly6C+CCR2� monocytes and an in-

crease in the proportion of Ly6C�CCR2+ macrophages, similar to what was observed during IL-33 pericarditis. These CCR2+ macrophages

are known to be pathogenic during cardiac inflammation and contribute to heart failure, fibrosis, and cardiac remodeling.52,53 We found only

minor changes in cardiac remodeling with no significant alteration of cardiac function, despite the increase in CCR2+ macrophages. We also

found a significant increase in fibrosis across the whole heart during MI. Deniset et al. found that pericardial macrophages prevented inter-

stitial fibrosis in the remote region, the healthy myocardial tissue away from the site of injury.3 However, we were unable to replicate these

results and found GATA6+ pericardial macrophages did not protect against fibrosis in any individual region of the myocardium, only across

the whole cross-section of the heart. Despite the significant increase in fibrosis, we observed no significant change in left ventricle thickness or

cardiac function based on echocardiography or EKG. This suggests that while GATA6+ pericardial macrophages minorly influence early

inflammation and prevent more severe fibrosis post-MI, they are not able to influence overall ventricular structure, interstitial fibrosis or car-

diac function. These results are reminiscent of recent controversy in the peritoneum. Prior research has claimed that peritoneal macrophages

migrate to the liver during a liver injury model and prevent fibrosis in the liver; however, more recent literature has demonstrated that peri-

toneal macrophages do not deeply penetrate tissue and do not contribute to tissue repair or fibrosis in multiple models of liver inflamma-

tion.4,54 Similar results were found in the lungs, where pleural macrophages were unable to deeply penetrate the tissue andminimally contrib-

uted to tissue repair.54 This suggests our results fall into a larger trend wherein serous cavity macrophages as a whole do not appear to

migrate into tissue in response to inflammatory stimulation and do not significantly contribute to tissue repair. However, these macrophages

are critical in controlling inflammation within their respective cavities.55–58

To confirm the veracity of our claim that GATA6+ pericardial macrophages do not influence myocardial inflammation we chose to examine

coxsackievirus-B3 induced myocarditis as a model of cardiac injury that did not require any surgical interaction with the pericardium or myocar-

dium.Macrophages andmonocytes have also been shown to play critical roles during the development of CVB3-inducedmyocarditis.59–61 How-

ever, we foundGATA6+ macrophages did not protect the mice from cardiac inflammation, nor did they influence any cell phenotype infiltrating

the myocardium in this model. In MI there is an inherent involvement of the pericardium while in CVB3-induced myocarditis, there is not.62 This

may explain why we saw minor changes in inflammation during MI but no changes whatsoever in the myocarditis model.

While GATA6+ pericardial macrophages did not have a significant effect on myocardial inflammation, we found that the GATA6+ pericar-

dial macrophages still affected the pericardial cavity during myocardial inflammation. Despite being characterized primarily by myocardial

inflammation and remodeling, MI still directly involves the pericardium.62 In IL-33 pericarditis, the presence of GATA6+ pericardial macro-

phages appeared to prevent the accumulation of eosinophils within the pericardial cavity, while in MI the presence of GATA6+ pericardial

macrophages correlated with a reduced influx of TCRgd+ T cells and Ly6G+SiglecF+ granulocytes. It is possible these Ly6G+SiglecF+ gran-

ulocytes are either SiglecF+ neutrophils or Ly6G+ eosinophils, as both of these cell phenotypes have been previously described and

SiglecF+ neutrophils specifically in MI.63–66 Additionally, both neutrophils and eosinophils play critical roles duringMI.67,68 Based on previous

reports we hypothesize that these cells are neutrophils; however, further phenotyping would be needed to confirm this.69 While prior liter-

ature found pericardial adipose tissue regulated granulopoiesis and fibrosis duringMI we find that theGATA6+ pericardial macrophages also

play a role in regulating granulopoiesis.70 However, these changes within the pericardial cavity did not affect changes within themyocardium,

further supporting the hypothesis that GATA6+ pericardial macrophages only influence inflammation within the pericardial cavity.

We also noted that there was a macrophage disappearance reaction in the LysCre mice leading to an equal proportion of macrophages in

the pericardium between the two genotypes. This is very similar to the macrophage disappearance reaction known to occur in the
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myocardium where cardiac resident macrophages are rapidly lost, while Ly6Chi monocytes traffic into the myocardium and differentiate into

monocyte-derived macrophages.71–73 While Deniset et al. found that pericardial macrophages traffic into the myocardium, which would

explain this disappearance, more recent research suggests that pericardial macrophages only accumulate at the mesothelial boundary be-

tween the epicardium and pericardium.3,25 This would mean the pericardial macrophages became embedded in the epicardium-facing sec-

tion of the pericardium and were not collected with the remaining pericardial tissue.

We also found that differences in integrin structure may also help explain why pericardial macrophages do not appear to traffic into the

myocardium. Integrins are dimerized receptors that play major roles in cell-cell adhesions and leukocyte trafficking.39 We found that myocar-

dial macrophages primarily expressed the integrin dimer a6b1, a main binding receptor for laminin-111.74 Laminin is a major component of

the cardiac basement membrane and is known to be elevated during cardiac fibrosis.75 In contrast, pericardial macrophages expressed the

dimer aVb3, which is the vitronectin receptor and binds to the RGD sequence (arg-gly-asp) common acrossmany extracellular matrix proteins

including fibronectin, vitronectin and fibrinogen.76,77 These differing extracellularmatrix (ECM) binding affinities suggest that pericardialmac-

rophages might not be attuned to the myocardial environment, lacking the primary integrins expressed by their myocardial counterpart

therefore making them poorly suited to migrate to the myocardium.

To examine a potential mechanism by which GATA6+ pericardial macrophages affect pericardial inflammation we performed an

in vitro experiment and found that BMDMs, but not GATA6+ macrophages, upregulated multiple inflammatory markers in response

to LPS stimulation including CCL2, CCL11, and IL-1b. CCL2 is a potent chemoattractant required for the recruitment of monocytes

and macrophages, CCL11 is responsible for the recruitment of eosinophils and IL-1b is a general inflammatory cytokine and has

been tied to the recruitment of neutrophils.78–82 The dichotomy between GATA6+ macrophages and BMDMs is similar to a previously

described difference between CCR2+ and CCR2� macrophages in a heart transplant model, where CCR2� macrophages inhibited

monocyte trafficking and CCR2+ macrophages promoted it.33 Additionally, tumor associated macrophages were shown to inhibit

CD8+ T cell migration into tumors in part by preventing the production of CxCL9.47,83 We observed an increase in CCR2+ macrophages,

similar to those described in the aforementioned heart transplant model, in both pericarditis and MI. Based on our in vitro and in vivo

findings we propose that GATA6+ pericardial macrophages prevent CCR2+ macrophages from accumulating in the pericardial cavity

and releasing pro-inflammatory cytokines. When examining the fibroblasts that served as a feeder layer to the macrophages,

BMDMs also led to the upregulation of inflammatory markers in fibroblasts while GATA6+ macrophages did not. Interestingly, the

GATA6+ macrophages led to a reduction in the expression of a-SMA within fibroblasts. The expression of a-SMA in fibroblasts has pre-

viously been associated with the transition to myofibroblasts and increase production of ECM components leading to fibrosis.84–86 This

may explain the changes in fibrosis we observed during MI, as an absence of GATA6+ macrophages lead to the surrounding stromal

cells to acquiring a more pro-fibrotic phenotype. Fibroblast and macrophage interacting to promote inflammatory cytokines is a well-

documented phenomenon where fibroblasts are able to contribute to heart failure.87 Fibroblasts are also a well-known component of

the pericardial tissue and interact closely with GATA6+ pericardial macrophages.21,34 We therefore also hypothesize that GATA6+ peri-

cardial macrophages, by preventing the influx of CCR2+ macrophages, may prevent CCR2+ macrophages from interacting with pericar-

dial fibroblasts and thereby prevent fibroblasts from upregulating inflammatory markers. We therefore propose that GATA6+ large peri-

toneal macrophage-like pericardial macrophages function in part by outcompeting and outnumbering their bone marrow-derived,

SPM-like counterparts thereby preventing the accumulation of pro-inflammatory factors within the cavity. GATA6+ pericardial macro-

phages may also prevent the interactions of SPM-like GATA6� pericardial macrophages with the surrounding stromal cells, preventing

these stromal cells from acquiring a more pro-fibrotic or pro-remodeling phenotype.

In conclusion, we demonstrate that pericardial macrophages play a critical role in mitigating pericardial inflammation, but not myocardial

inflammation. We show that GATA6+ pericardial macrophages minimize the infiltration of eosinophils during pericarditis and directly or indi-

rectly attenuate pericardial inflammation during MI. We also demonstrate, however, that a lack of pericardial macrophages does not appear

to alter myocardial inflammation during myocarditis and only minimally alters inflammation during MI. Additionally, minor changes in inflam-

mation duringMI corresponded only tominor changes in overall fibrosis with no change in ventricular thickness or cardiac function, indicating

that these changes were not important for disease progression. We also propose that one of the potential mechanisms for peritoneal mac-

rophages to attenuate pericardial inflammation is by remaining unresponsive to inflammatory stimulus and preventing the interaction of other

macrophages with the pericardial stroma (Figure 6).
Limitations of the study

Despite the advances in understanding howGATA6+ pericardial macrophages present in this work, there are some limitations to the study. In

regards to the integrins study, it is unclear if the GATA6+ pericardial macrophages are capable of upregulating different integrins during

inflammation which may allow them to migrate into the myocardium during inflammation. Additionally, there are still portions of the mech-

anism by which GATA6+ pericardial macrophages attenuate pericardial inflammation that are unclear. While our in vitro studies found that

GATA6+ macrophages are unresponsive to inflammatory stimuli, additional tools such as multiplexing or single cell RNA-sequencing may be

able to find upregulated genes that we did not examine during this study that may illuminate the behavior of GATA6+ pericardial macro-

phages more clearly. Moreover, we utilized GATA6+ peritoneal macrophages as an analogue to GATA6+ pericardial macrophages; however,

there may be as yet unknown differences between these two populations which may influence their function. Lastly, the influence of GATA6+

pericardial macrophage over the recruitment and differentiation of CCR2+ monocytes and macrophages is not completely clear at this

moment. These factors all require further investigation in the future.
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Figure 6. GATA6+ pericardial macrophages prevent the accumulation of pro-inflammatory and pro-remodeling chemokines in response to pericardial

injury

(A) When GATA6+ pericardial macrophages (represented as PM) are present in the pericardial cavity, they prevent the bone marrow-derived macrophages

(BMDMs) from interacting with fibroblasts (shown in purple), thereby preventing the accumulation of pro-inflammatory and pro-remodeling markers.

Additionally, the GATA6+ pericardial macrophages outnumber the BMDMs and remain less transcriptionally active in response to stimulation, thereby

preventing the accumulation of pro-inflammatory markers.

(B) In the absence of GATA6+ pericardial macrophages, BMDMs are capable of interacting with fibroblasts within the pericardial cavity, leading to the

upregulation of pro-inflammatory and pro-remodeling markers. BMDMs also represent a larger proportion of macrophages within the pericardial cavity,

where they are free to produce pro-inflammatory markers.
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STAR+METHODS

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Daniela Ci-

hakova (cihakova@jhmi.edu).
Materials availability

This study did not generate any new unique reagents.
Data and code availability

For inquiries on unprocessed data or code please e-mail the lead contact, Dr. Daniela Cihakova (cihakova@jhmi.edu)
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

8–12-week-old male C57BL/6J wild-type (WT) (Jackson Laboratory, 000664) C57BL/6J LysCre (Jackson Laboratory, 004781) and C57BL/6J

GATA6fl/fl developed by Sodhi et al. and gifted by Dr. Gwendalyn Randolph of Washington University were used.28,88,89 LysCre and

GATA6fl/fl mice were crossed to develop LysCreGATA6fl/fl mice. LysCre mice were used as experimental controls. All animal protocols and

methods were approved by the Animal Care and Use Committee of Johns Hopkins University. Mice were kept in the pathogen free facility

at Johns Hopkins University. All procedures conform to NIH guidelines for the care and use of laboratory animals.
Induction of IL-33 induced pericarditis

IL-33 induced pericarditis was induced by injectingmice i.p . with 1 mg of IL-33 (BioLegend) at days 0, 2, 4, 6 and 8. Mice were sacrificed on day

10 and hearts were harvested for histology or flow cytometry. Due to difficulty in visualizing pericarditis in B6 mice, additional experiments

were performed where 100 pmol/kg IL-5 (peprotec) was injected alongside IL-33.
Induction of myocardial infarction

Myocardial infarction was induced by ligating the left anterior descending (LAD) artery. Briefly, mice were anaesthetized with 4% isoflurane

(Baxter), endotracheally intubated and mechanically ventilated with 1.5% isoflurane (Baxter) throughout the procedure by a model 845

MiniVent small animal ventilator (Harvard Apparatus). Pre-operational analgesics (1 mg/kg Buprenorphine, slow-release formulation,

ZooPharm) and paralytics (1 mg/kg Succinylcholine, Henry Schein) were administered prior to the procedure via subcutaneous and I.P. injec-

tion respectively. Mice were subjected to left thoracotomy at either the third or fourth intercostal space. A 9-0 suture was advanced sub-epi-

cardially, perpendicular to the LAD artery. Permanent occlusion was achieved by tightening the suture around the artery. Infarction was

confirmed by myocardial bleaching and loss of motion below the ligation. The rib cage was closed with a 6-0 nylon suture and the skin

was closed with a 5-0 silk suture. Sham-surgery animals received the same procedure without the ligation of the LAD artery. Mice were sacri-

ficed at day 3 or 21 to assess inflammation and cardiac remodeling.
Induction of Coxsackievirus-B3 induced myocarditis

8–12-week-old mice were injected with 100 mL of 103 PFU of heart-passaged coxsackievirus-B3 (CVB3) in sterile PBS on day 0. Hearts were

collected at day 8 post-infection. At sacrifice hearts were resected and cut longitudinally. One half was fixed in SafeFix II for histology.

H&E histology slides were prepared by Histoserv, Inc. (German town, MD). The second half of the heart was processed for flow cytometry

as described below. Histology was scored based on the proportion of inflammatory infiltrate that could be observed in the tissue based

on H&E histology. Scores were assigned as: 0 – no inflammation present, 1 – < 10% inflammation, 2 – 10-30% inflammation, 3 – 30-50% inflam-

mation, 4 – 50-90% inflammation, 5 - >90% inflammation.
METHOD DETAILS

Electrocardiography

Electrocardiography (EKG) was performed by anaesthetizing the mouse with 600uL of avertin injected I.P. The mouse was then placed in a

supine position with paws outstretched such that the chest was tight. Electrodes (IntcoMedical) were placed over the paws of themouse with

a small quantity of saline to provide electrical conductions. Leads were then attached to the electrodes via alligator clips and connected to a

DigiMed Sinus Rhythm Analyzer. EKGs were then measured using DMSI-400. A representative EKG waveform section was then selected and

printed to a PDF for analysis.
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Processing of murine cardiac cells

Cells frommurine myocardium were isolated by perfusing the heart with 1X PBS for 3 minutes via aortic perfusion. Hearts were then resected,

minced and placed in GentleMACS C-tubes (Miltenyi Biotec) with 5mL of digestion buffer consisting of 5mL HBSS (Corning) with 5,000 U/mL

Collagenase II and 500 U/mL DNase I (Worthington Biochemical). Samples were incubated for 37�C for 30 minutes with gentle agitation. Tis-

sue was mechanically dissociated using GentleMACS system before and after the incubation. Cells were then filtered through a 40mm filter,

washed with 1X PBS. Samples were then incubated in ACK Lysing Buffer (Quality Biologic) for 2 minutes and washed again with 1X PBs. Cells

were then washed and resuspended in 1X PBS. For experiments where pericardial and myocardial tissue needed to be separated, mice were

anaesthetized similar to the myocardial infarction surgery. A left thoracotomy was then performed, and the pericardium was carefully

dissected. The mouse was then cervically dislocated, and the heart was resected. The myocardial tissue was then processed as described

above. The pericardial tissue was then placed into a gentleMACS C-tube containing 5mL of HBSS with 1000U of collagenase II and 100U

of DNase I. Samples were incubated for 37�C for 25 minutes with gentle agitation. Tissue was mechanically dissociated using gentleMACS

system before and after the incubation. Cells were then filtered through a 70mm filter, washed with 1X PBS.

Flow cytometry

Flow cytometry was performed using a Cytek Aurora spectral flow cytometer or BD Fortessa. Imaging flow cytometry was performed using an

Amnix Imagestream XMK II. LIVE/DEAD fixable aqua was used to determine cell viability (ThermoFisher). Prior to surface staining, cells were

blocked by incubating with a 1:50 dilution of Anti-Mouse CD16/CD32 (Invitrogen). Antibodies were diluted in fluorescence activated cell sort-

ing (FACS) buffer (2.5% BSA, 2mM EDTA in 1X PBS). For intranuclear staining, cells were fixed and permeabilized using FoxP3/Transcription

Factor Staining Buffer Set (eBioscience). Antibodies and their concentrations can be found in Table S1. Compensation was performed using

UltraComp eBeads Compensation Beads (Invitrogen). An example gating strategy is located in Figure S1.

Harvest of peritoneal macrophages

Peritoneal macrophages were harvested via peritoneal lavage. Mice were first anaesthetized with 600uL of Avertin injected I.P.. 5mL 1X phos-

phate buffered saline (PBS) containing 200U/mL collagenase II (Worthington) and 400U/mL hyaluronidase (Miltenyi) was injected into the peri-

toneal cavity of these mice. After 20 minutes mice were euthanized via cervical dislocation, the peritoneum was opened, and fluid was aspi-

rated using a transfer pipette. F4/80+ cells were isolated using F4/80 positive selection via magnetic activated cell sorting (MACS) sorting with

Miltenyi F4/80 mouse microbeads according to the manufacturers protocol. Cells were then transferred into complete Dulbecco’s modified

eagle medium (DMEM) containing 1ng/mL M-CSF.

Isolation of bone marrow derived macrophages

Bone marrow derivedmacrophages were harvested fromWT C57/B6 mice by first euthanizing the animal via I.P. injection of 600uL of Avertin

followed by cervical dislocation. The femur was then removed and perfusedwith 1mL of sterile 1X PBS. Ammonium-Chloride-Potassium (ACK)

lysing buffer was administered to remove erythrocytes and cells were once again washed with sterile 1X PBS. Cells were then resuspended in

complete DMEM containing 1ng/mLM-CSF and supplemented with antibiotic/antimycotic solution and L-glutamine (Corning) in a T-25 plate

for differentiation into macrophages.

Isolation of peritoneal fibroblasts

Murine peritoneal fibroblasts were obtained by first euthanizing the animal via I.P. injection of 600uL of Avertin and cervical dislocation. The

skin was then removed from the peritoneum and a 1mm2 section of peritoneal tissue was excised. The peritoneal tissue was then minced and

digested in gentleMACSC-tubes using Hank’s buffered salt solution (HBSS) containing 500U/mL deoxyribonuclease (DNase) I and 5000u/mL

collagenase II. Cells were then transferred to a T-25 plate containing completed Roswell Park Memorial Institute (RPMI) media with 20% FBS

and supplementedwith antibiotic/antimycotic solution and L-glutamine (Corning). No additional selectionwas required to isolate fibroblasts,

as the fibroblasts rapidly outgrew all other cell types by passage 2.

Co-culture of murine peritoneal macrophages and fibroblasts

Peritoneal Fibroblasts were transferred to 24-well plates at 30,000 cells/well in 1mL of complete RPMI with 20% FBS and supplemented with

antibiotic/antimycotic solution and L-glutamine (Corning). After 24 hours media was aspirated and either peritoneal or bone marrow derived

macrophages were added at 30,000 cells/well in 1mL of complete DMEM containing 1ng/mL of M-CSF. At 24 hours all media was aspirated

and replaced with 1mL of completed DMEM containing 1ng/mL M-CSF and appropriate wells were given 100ng/mL of LPS. 16-hours post

stimulation supernatant was removed and stored at -80�C for ELISA. Macrophages and fibroblasts were separated by MACS sorting using

Miltenyi mouse CD45 microbeads. All cells were then placed in TRIzol for RNA extraction.

Quantitative PCR

RNA from cardiac tissue, MACS isolated cells or cultured cells was extracted in TRIzol and quantitated via a Spectramax Plus 384 Absorbance

Plate Reader. Single-strand cDNAwas synthesized using a Bio-Rad iScript cDNA synthesis kit. Expression levels of genes was detected using
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qPCRwith iQ SYBRGreenMasterMix and acquired on the Bio-radCFXOpus 96 Real-Time PCR System.Gene expression was analyzed by the

2-DDCt- method, normalizing threshold cycles to GAPDH expression. Primers are listed in Table S2.
Isolation of pericardial cells

Left thoracotomywas performedonmice as described above. The pericardiumwas carefully dissected and placed into a gentleMACSC-tube

containing 5mL of HBSS with 1000U of collagenase II and 100U of DNase I. Samples were incubated for 37�C for 25 minutes with gentle agita-

tion. Tissue was mechanically dissociated using gentleMACS system before and after the incubation. Cells were then filtered through a 70mm

filter, washed with 1X PBS.
Imaging of histology slides

All histology slides were imaged using an Olympus BX43 microscope attached to an Olympus TL4 light source. All images were taken with a

Nikon DS-Fi3 microscope camera with a 0.45 aperture. Whole heart cross-sections were obtained with a 1.25x objective with a 0.04 numerical

aperture. Images of cardiac regions were obtained on a 10x or 20x objective with 0.30 and 0.50 numerical apertures respectively. Images were

all saved as .tiff files.When required, the backgroundof imageswas removed using PowerPoints built in background removal features. Images

were annotated and measured using Fiji (ImageJ) and pericardial sections were isolated by cropping in Fiji. Histology images were analyzed

byMATLAB processing. Images were first taken and appropriate Hue, Saturation and Valuemeasurements were determined fromMATLAB’s

internal color thresholder application to separate either fibrosis fromMason’s Trichrome staining or nuclei from H&E staining. Values of 0.5 –

0.75 for hue, 0.2 – 1 for saturation and 0 – 1 for value were used to isolate fibrotic tissuewhile values of 0.75 – 1 for hue, 0.2 – 1 for saturation and

0 – 1 for value isolated healthy tissue from trichrome staining. For analyzingH&E staining values of 0.585 – 0.759 for hue, 0.096 – 1 for saturation

and 0 – 1 for value were used to isolate nuclei while hue of 0.759 – 1, saturation of 0.096 – 1 and value of 0 – 1 isolated cardiac tissue. For fibrosis

analysis, the percent fibrotic tissue was determined by counting the number of pixels of isolated fibrotic tissue and the number of pixels of

isolated healthy tissue. For H&E analysis, the number of nuclei was countedby first converting the isolated nuclei image into a binary black and

white image and running MATLAB’s bwlabel function on the resulting image.
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistics were performed using GraphPad Prism 7. For comparisons between two groups a Student’s T-test with Welch’s Correction was

performed when analyzing flow cytometry data, a Mann-Whitney U-test was performed for assessing myocarditis severity by histology. For

comparisons between three groups two-way ANOVA with Tukey’s post-test for multiple comparisons was performed. A P-value of <0.05

was considered statistically significant. Statistical details for each experiment may be found in the figure legends.
20 iScience 27, 110244, July 19, 2024


	ISCI110244_proof_v27i7.pdf
	The protective role of GATA6+ pericardial macrophages in pericardial inflammation
	Introduction
	Results
	GATA6+ pericardial macrophages protect against eosinophilic pericarditis
	GATA6+ pericardial macrophages do not attenuate myocardial inflammation in myocardial infarction or coxsackievirus-B3 myoca ...
	GATA6+ pericardial macrophages influence pericardial inflammation in response to myocardial tissue damage
	GATA6+ pericardial macrophages minimally influence cardiac remodeling in myocardial infarction
	GATA6+ serous cavity macrophages uniquely respond to inflammatory stimuli in vitro

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Mice
	Induction of IL-33 induced pericarditis
	Induction of myocardial infarction
	Induction of Coxsackievirus-B3 induced myocarditis

	Method details
	Electrocardiography
	Processing of murine cardiac cells
	Flow cytometry
	Harvest of peritoneal macrophages
	Isolation of bone marrow derived macrophages
	Isolation of peritoneal fibroblasts
	Co-culture of murine peritoneal macrophages and fibroblasts
	Quantitative PCR
	Isolation of pericardial cells
	Imaging of histology slides

	Quantification and statistical analysis




