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Intramyocardial immunomodulation with human CD16+ monocytes to treat myocardial infarction in pig: a blind randomized preclinical trial
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Background: Human CD16+ monocytes (hCD16+ Ms) have proangiogenic properties. We assessed the feasibility, safety and efficacy of hCD16+ Ms in a porcine model of myocardial infarction (MI).



Methods and results: A total of 27 female Large White pigs underwent MI with reperfusion and cardiac magnetic resonance (CMR). Five days later, animals received intramyocardial injections of hCD16+ Ms in saline (n = 13) or saline only (n = 14). hCD16+ Ms were selected from leucocyte cones. Feasibility/safety endpoints included injury at injected sites, malignant arrhythmias, cancer, haematoma, left ventricular (LV) dilatation, troponin release and downstream organ injury. Co-primary efficacy outcome included LV scar and ejection fraction (LVEF) at 30-day post-injections by CMR. Immunohistochemistry included neo-angiogenesis, fibrosis, markers of myofibroblast and inflammation. Four animals were excluded before injections due to untreatable malignant arrhythmias or lung injury. Median cell number and viability were 48.75 million and 87%, respectively. No feasibility/safety concerns were associated with the use of hCD16+ Ms. The LV scar dropped by 14.5gr (from 25.45 ± 8.24 to 10.8 ± 3.4 gr; −55%) and 6.4gr (from 18.83 ± 5.06 to 12.4 ± 3.9gr; −30%) in the hCD16+ Ms and control groups, respectively (p = 0.015). The 30-day LVEF did not differ between groups, but a prespecified sub-analysis within the hCD16+ Ms group showed that LVEF was 2.8% higher and LV scar 1.9gr lower in the subgroup receiving a higher cell dose. Higher tissue levels of neo-angiogenesis, myofibroblast and IL-6 and lower levels of TGF-β were observed in the hCD16+ Ms group.



Conclusions: The use of hCD16+ Ms in acute MI is feasible, safe and associated with reduced LV scar size, increased tissue levels of neo-angiogenesis, myofibroblasts and IL-6 and reduced pro-fibrotic TGF-β at 30-day post-injections. A higher cell dose might increase the LVEF effect while reducing scar size, but this warrants validation in future studies.
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Introduction

The management of >26 million global patients developing chronic heart failure (CHF) after myocardial infarction (MI) (1, 2) remains a major global challenge for healthcare providers. This condition remains largely irreversible making new therapeutic approaches desperately needed (3). MI leads to a marked early loss of cardiomyocytes, while an additional number of vulnerable cardiomyocytes is lost in the border zone (BZ) of the infarct over several days/weeks after the acute event due to persisting ischemia (3, 4). Therapeutic approaches able to prevent this early or subacute loss of cardiomyocytes might mitigate the risk of developing CHF.

Endothelial progenitors, mesenchymal stem cells, bone marrow-derived mononuclear cells and cardiac stem cells have been trialled in patients over the last 15 years (4). These cell therapies have often shown promising results in small rodents (5) but have invariably failed to show meaningful clinical effects when translated into large animals or patients (6) due to poorly relevant models, ill-defined cell populations, lack of scaling up, suboptimal methods of cell delivery and/or exclusive targeting of cardio-myogenesis with less focus on neo-angiogenesis and immunomodulation (5, 6).

The immune response post-MI can be divided into early proinflammatory phase and late inflammatory resolution or reparative phase, involving components of both the innate and adaptive immune systems (7). Harnessing of the immune responses has been associated with enhanced cardiac repair (8). In addition, cardiac healing has been associated with the type and extent of immune responses to tissue injury (8–11), leading to better recovery after preclinical MI or better clinical prognosis in patients (8, 12, 13). The myocardial immune response following MI involves the recruitment of consecutive waves of circulating monocytes (13–15), which, in response to the microenvironment, can differentiate into macrophages, dendritic cells and/or other cell types (16). Hence, monocytes and derived cells may contribute to tissue healing/repair following MI by impacting inflammation, phagocytosis, proteolysis, angiogenesis, left ventricular (LV) scarring and remodelling (17–19). We have shown that subsets of human circulating monocytes expressing CD16 (hCD16+ Ms) have proangiogenic activity when delivered into ischemic tissues (20), that circulating levels are 10-fold higher in patients with critical limb ischemia compared to healthy donors and that resolution of ischemia is associated with normalization of circulating levels (20). Others have also suggested that CD16+ Ms may trigger neo-angiogenesis (21). These findings indicate that increasing tissue levels of hCD16+ Ms might have a therapeutic effect.

Mechanistically, CD16+ monocytes are known to express high levels of CX3CR1 and low levels of chemokine receptors in the infarcted myocardium, where they become the predominant monocyte subtype 3–5 days post-MI (22). They have been associated with myocardial reparative potential by releasing anti-inflammatory cytokines and growth factors to stimulate cell proliferation, angiogenesis and ECM production (23, 24).

This preclinical trial aimed to ascertain the feasibility, safety and preliminary reparative efficacy of direct intramyocardial hCD16+ Ms delivery in a porcine model of closed chest MI with reperfusion under immunosuppression.



Materials and methods

An extended version of Materials and methods is shown in the Supplementary File. The data underlying this article are available in the article and its online Supplementary Material. Full raw data, statistical methods and trial materials can be made available on request.


Ethics

Human CD16+ monocytes (hCD16+ Ms) were selected from leucocyte cones produced as a by-product of the apheresis process of blood donated to the National Health Service Blood and Transplant (NHSBT). Ethical approval was obtained from the South East London Research Ethics Committee approval (Ref. 10/H0804/67). Donors gave generic consent for research use as part of the donation process and are not identifiable. The tests undertaken on the human tissue conformed to the principles outlined in the Declaration of Helsinki. The in vivo animal-regulated procedures were conducted in line with UK Home Office regulations (Animal Act 1986) at the MHRA-compliant Translational Biomedical Research Centre (TBRC) (Bristol, UK). The procedures were conform to the guidelines from Directive 2010/63/EU and were undertaken under project licenses (7008975 and PP4585512) granted by the Home Office after formal review and approval by the University of Bristol Animal Welfare and Ethics Review Body (AWERB). The report of research data from animal experiments is in keeping with the ARRIVE (Animals in Research: Reporting In Vivo Experiments) guidelines (25).



Human Cd16+ Ms selection

The hCD16+ Ms product was manufactured via immunomagnetic selection under GMP-compliant conditions at King's College London (KCL), according to a strict SOP (Supplementary Figure S1). Final product characterization included cell count, purity and viability. The final product was suspended in N/Saline to achieve a final volume of 3 ml, packed in cold bags, stored overnight and couriered early next morning from KCL to TBRC Bristol for immediate injection. At TBRC, prepacked saline with or without cells was handled at clinical standards and drawn in opaque syringes just before being handled to the surgeon for blind injection for direct intramyocardial injections under direct vision (within 24 h from product manufacturing).



Porcine MI procedure and delivery of hCD16+ Ms

Female Large White swine were used (weight, 55–60 kg). The MI procedure was as previously reported (26) (Figure 1; Supplementary File). Briefly, aspirin 300 mg was administered daily with food from 5 days before MI and until termination. On the MI day, under general anaesthesia (GA), full monitoring and IV heparinization to achieve an activated clotting time (ACT) >300 s, animals were subjected to percutaneous balloon MI procedure of the antero-apical LV territory under fluoroscopic guidance. Amiodarone infusion (300 mg over 90 min) was started before coronary occlusion to prevent ventricular fibrillation (VF). Additional amiodarone bolus (150 mg) and DC cardioversion were used if necessary to treat VF during ischemia. Animals were recovered, and vital parameters were monitored for 45–60 min before return to the maintenance area. Daily clinical grade immunosuppression was started 3 days after MI and included cyclosporine 15 mg/kg/day + methylprednisolone 2 mg/kg/day till termination. In vivo characterization of MI scar size and LV function occurred 5 days after MI under GA via baseline cardiac magnetic resonance (CMR) imaging. Next, animals were randomized according to a predefined sequence to receive blindly either hCD16+ Ms suspended in saline (hCD16+ Ms group) or saline alone (control group) via 10 microinjections (0.3 ml each) targeting LV scar and border zone of the infarcted myocardial territory via mini-thoracotomy according to a predefined LV 17-segment model (Supplementary Figure S1). The rationale of waiting 5 days before injecting cells/placebo after MI was based on hCD16+ Ms being reported as the predominant subtype at 3–5 days post-MI (22) as well as obtaining CMR imaging with less tissue oedema, enhancing cell survival by avoiding delivery too close to the MI ischemic event (27) and enhancing the feasibility of future translational in humans where mini-thoracotomy and direct injections are regarded not safe if undertaken too early after MI. On completion, animals were recovered as per routine [(27); Supplementary File]. Thirty days after injections, animals underwent a final GA, repeat CMR followed by termination and tissue sampling.
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FIGURE 1
Schematic of porcine trial overtime: MI, myocardial infarction; LAD, left anterior descending artery; CMR, cardiac magnetic resonance; hCD16+ MS, hCD16+ monocytes; LVEF, left ventricular ejection fraction.




CMR image acquisition and analysis

A 3 T scanner with a 32-element phased-array cardiac coil was used (Siemens Prisma, Germany). CMR protocol included cine sequences in long and short axis, pre-contrast T2-STIR and T2 mapping, pre-contrast (native) and post-contrast T1 mapping and extracellular volume (ECV) measurements and early and late gadolinium enhancement (26). Image acquisition was performed by a blind expert radiographer. CMR data interpretation/reporting was performed by two blinded senior radiology investigators using dedicated software (Argus, Siemens AG, Erlangen, Germany).



Outcome measures


Feasibility and safety

Feasibility outcome measures related to the hCD16+ Ms product manufacturing in London included obtaining a median cell count >40 million, cell viability >80% and intramyocardial delivery within 24 h at TBRC Bristol. Porcine MI procedural feasibility included obtaining an average LV scar size >10gr at CMR, safe intramyocardial delivery of hCD16+ Ms /placebo and 100% survival to the predefined endpoint of all injected animals. Safety outcome measures included serial vital observations, animal well-being and weight gain overtime, full blood count, myocardial injury (serial troponin release) and circulating and tissue-based markers of inflammation (interleukin-6-IL-6). In addition, they included CMR and macroscopy safety indices [LV intramural growth/cancer, excessive LV scarring, infection/abscess, adverse LV remodelling/heart failure—LV end-diastolic diameter (LVEDD) and intramural haematoma/thrombosis]. LV scar and LVEDD were reported as continuous variables while LV intramural growth/cancer, abscess or haematoma/thrombosis were reported as either present or absent. Heart rhythm and malignant ventricular arrhythmias were studied via serial electrocardiogram.



In vivo efficacy measures

Co-primary CMR measures included LV global scar size and LV ejection fraction at 30 days after injections vs. 5 days after MI before injections. Additional CMR outcome measures included microvascular obstruction (MVO) and global LV volumes.



Blood and tissue outcome measures

Blood-based outcomes included serial full blood count, myocardial injury (troponin) and inflammation (IL-6) at baseline (before MI and before the start of immunosuppression), 5 days post-MI (30 min before injections and 1 h after) and 30 days after injections. Histology-based outcomes included histochemical staining and/or mRNA expression for neo-angiogenesis, fibrosis, myofibroblasts, cardiomyocyte function and inflammation (n = 8 in each group). Following culling, the infarcted left anterior descending (LAD) territory was collected for each heart along with samples of non-infarcted myocardium from the circumflex artery (CX) territory. Samples for analysis were categorized as scar (S), border zone (BZ) or transition zone (TZ) (Figure 2A) from the LAD territory or as healthy (H) from the CX territory (Figure 2C). Some aliquots were immediately tissue snap frozen in liquid nitrogen and stored at −80°C while others were fixed in 10% formalin before paraffin embedding. Serial sections were cut at 5 µm thickness. Haematoxylin and eosin (H&E) staining of a section of each heart was used to classify regions into S, BZ (the region extending 2 mm around the infarcted area) and TZ (tissue >2 mm away from the edge of S on the tissue section) (Figure 2B). Each within-infarct territory (S, BZ or TZ) was compared alone or cumulatively vs. H territories within the same heart and across groups.
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FIGURE 2
(A) Schematic showing the left anterior descending (LAD) artery territory divided for histology and mRNA expression: S, BZ and TZ represent scar, border zone and transition zone, respectively; representative H&E stained tissue sections show the defined zones within the infracted territory (B) and healthy from circumplex (Cx) artery territory (C). Scale bars are 200 μm.





Macroscopy, myocardial histology staining and mRNA expression

This is fully shown in the Supplementary File. After termination, a blind macroscopy of the whole heart was carried out to re-assess the presence/absence of LV intramural growth/cancer, infection/abscess and/or intramural haematoma/thrombosis; the presence of any of these abnormalities would be investigated by ad-hoc histology. All myocardial samples were stained for markers of neo-angiogenesis (anti-CD31/PECAM-1; platelet endothelial cell adhesion molecule), fibrosis (picrosirius red for collagen), myofibroblasts (anti-vimentin and anti-CD90 (Thy1) and functional cardiomyocytes (anti-desmin). Expanded staining methods and the antibodies used can be found in the Supplementary File. All stained tissue sections were imaged with a Precipoint O8 Slidescanner using a 20× objective, with the exception of CD31 stained tissue that was imaged at higher magnification (40×). To quantify neo-angiogenesis, anti-CD31 (a marker of endothelial cells) was assessed across an average of five images per heart region. Manual counting of capillaries (CD31+ staining with one associated nuclei) and arterioles (CD31+ with two or more nuclei; Supplementary Figure S1) was undertaken, and data were reported as number of vessels/mm2 tissue. The remaining histological analysis was performed on data from three myocardial regions per area, and the percentage of staining per tissue area was determined using colour deconvolution in Fiji ImageJ (Java 1.8.0 64-bit). For mRNA expression 384-well quantitative PCR was used for markers of myocardial fibrosis (TGF-β, CTGF, MMP2, Col1a1, Col1a2, Col3a1), myofibroblasts (CD90, ACTA2, POSTN), cardiomyocyte function (GLUT1, GLUT4) and inflammation (TNFα, IL-1B, IL-6). All mRNA levels were normalized to the housekeeping genes GUSB, PPIA and GAPDH. Further methods and primer sequences are shown in the Supplementary File. Expression was calculated using the 2^–ddCt method.



Statistical analysis and sample size

Non-parametric analysis was performed by blind statisticians. Numerical clinical and in vivo imaging variables are presented as medians and confidence intervals or as mean and standard deviation. The categorical variables are reported as count and percentages. Normality was assessed using the Shapiro–Wilk test. LVEF, scar size and LV volumes measured before cell/placebo injections and at 30 days were compared with the baseline data using a Kruskall–Wallis test. Two-group comparison analysis was performed by Student t-test or Mann–Whitney test if data were not normally distributed. Comparison analysis between categorical variables was performed by chi-square test or Fisher exact test as appropriate. A p-value of <0.05 was considered statistically significant. One-way ANOVA was used for the initial assessment with Gabriel's test to find differences between pairs of means. Correlations between LVEF and scar size and cell viability and cell count split by medians were calculated as predefined sub-analyses by regression analysis within the hCD16+ Ms group. Statistical analyses were performed in IBM SPSS (IBM Corp. Released 2015) and R version 4.1.2 [R Core Team (2021). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/]. For mRNA comparison, expression in each region (S, BZ, TZ) within the infarcted LAD territory was compared as fold-change vs. expression in healthy CX regions of each heart. Additional analysis was performed comparing averaged/combined expression across S, BZ and TZ of infarcted LAD territory vs. healthy CX territory. For histology and mRNA comparisons, two-way ANOVA was used to test across hCD16+ Ms vs. control groups and regions, while a post hoc Tukey HSD test was carried out to observe differences between individual regions. CMR and macroscopy-based evaluation of predefined safety measures were classified either as present or absent.



Sample size and power calculation

Measuring in vivo imaging and clinical outcomes longitudinally via CMR imaging at baseline, just before cell/placebo injections and 4 weeks later in the same animal increases the relative efficiency of the study by more than 80%, assuming a correlation of 0.7 between baseline and final measurements. All calculations are based on cell-specific trials with a 1:1 randomization schedule, using ANCOVA analyses. The co-primary outcomes included LV scar size and LVEF. Power analysis: LV scar size, power at 2p = 0.05 with 11 animals in each arm to identify a 5.6 gr (FWHM method) difference between groups; LVEF, assumed standard deviation of 7.2% between measurements before cell/placebo injection and 30-day post-injection: 11 animals in each group required to have 80% power at 2p = 0.05. Hence, to allow for excess experimental failure, we included a total sample size of 27. For histology and mRNA comparisons, eight hearts were selected randomly and assessed in each group.




Results

Twenty-seven female Large White pigs (mean weight, 63.15, SD 2.93) were subjected to MI. Three animals suffered untreatable ventricular fibrillation (VF) during acute ischemia while one animal suffered lung injury during mini-thoracotomy time point before injections. These four animals were excluded in line with the study protocol. Hence, a total of 23/27 animals were recruited in the trial and underwent injections according to a predefined randomization sequence (n = 11 in the hCD16+ Ms group and n = 12 in the control group). Baseline characteristics including CMR outcome measures are shown in Table 1 and Supplementary Table S1. By chance, the MI scar was larger in the hCD16+ Ms group despite randomization (CMR scar size before injections was 25.4 ± 8.24gr vs. 18.8 ± 5.1gr in the hCD16+ Ms and control groups respectively; p = 0.03; Table 1; Figure 3A). LVEF pre-injections were 45.5 ± 6.3% and 44.3 ± 5.5% in the hCD16+ Ms and control groups, respectively (p = 0.61). LV end-diastolic volume (LVEDV) and microvascular obstruction (MVO) were slightly larger in the hCD16+ Ms group (Table 1).


TABLE 1 Baseline characteristics.
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FIGURE 3
(A) LV scar size before infections and 30 days after injections in the control and hCD16+Ms groups: (B) percentage reduction in LV scar size in each group at 30-day time point vs. before infections time point; (C,D) representative experiment from the hCD16+ Ms group showing CMR left ventricular late gadolinium enhancement in white representing scar size and distribution in the infarcted territory before injections (C) and at 30 days after injections (D). Scale bars are 1cm.


Feasibility and safety outcome. Human CD16+ Ms were successfully extracted from leucocyte cones according to the technology shown in Supplementary Figure S2. The antigenic profile was confirmed via flow cytometry. Median monocyte number was 48.75 million, while average cell viability was 87%. Feasibility/safety measures related to coronary occlusion, VT/VF during MI or during injections and vital parameters are reported in Table 1. All 23 recruited animals survived the MI and injection procedures and reached the final 30-day post-injection time point in good health, with no evidence of infection or other clinically unacceptable complications such as malignant VT/VF associated with the treatment delivered. The overall median weight at 30-day post-injections was 82 kg. The average weight gain was 16.5 kg in keeping with normal expectations and animal well-being, with no difference between groups. Serial full blood counts showed no differences between groups over time (Supplementary Table S2). CMR safety measures at 30-day post-injections showed no evidence of intramural growth/cancer, haematoma, excessive scarring, thrombosis, infection/abscess or adverse LV remodelling associated with the use of hCD16+ Ms (Supplementary Table S1). This was confirmed by safety macroscopy evaluation of the whole heart after culling with all these key outcome measures being classified as absent before proceeding to heart sectioning for histology.


Efficacy outcome measures


Co-primary CMR outcomes


LV scar size

LV scar size decreased in both groups vs. baseline to 10.8 ± 3.4gr and 12.4 ± 3.9gr in the hCD16+ Ms and control groups, respectively (p = 0.69) (Figure 3A; Supplementary Table S1). However, compared to before injections, LV scar size dropped by 14.5gr at the 30-day time point in the hCD16+ Ms group (from 25.4 ± 8.2 to 10.8 ± 3.4gr; 55%) vs. 6.4gr in the control group (from 18.8 ± 5.1 to 12.4 ± 3.9gr; 30%) (p = 0.015; Table 1; Figure 3B). Despite this baseline difference, LV scar size at 30-day post-injections was 1.6gr smaller in the hCD16+ Ms vs. control (10.8 ± 3.4gr vs. 12.4 ± 3.9gr, respectively) (Figure 3A). Representative CMR LV scar scans from a hCD16+ Ms experiment before injections and 30-day after injections are shown in Figure 3C-D. LVEF: At 30-day post-injections, LVEF was 40.7 ± 1.6% and 41.9 ± 1.6% in the hCD16+ Ms group and control group, respectively (p = 0.58) (see Supplementary Table S1).




Effect of hCd16+ Ms count and viability on LV scar size and LVEF

The h-CD16 + Ms group was split by medians (cell viability ≥87%: n = 5 vs. <87%: n = 6; cell count ≥48.75 million: n = 5 vs. <48.75 million: n = 6). The predefined sub-analysis showed that the use of a higher hCD16 + Ms dose was associated with 2.8% higher LVEF and 1.9 gr smaller LV scar compared to the lower cell dose (Supplementary Table S3).




Secondary CMR outcome measures

Secondary CMR outcome measures are reported in Supplementary Table S1. At 30-day post-injections, LVEDV was 185 ml (161, 190) vs. 162 ml (148, 175) in the hCD16+ Ms and control groups, respectively (p = 0.18). MVO was 0.18 ± 0.4gr vs. 0.0 ± 0gr in the hCD16+ Ms and control groups, respectively (p = 0.15).


Histological outcome

Safety macroscopy examinations of the hearts 30 days after injections excluded the occurrence of intramural growth/cancer, haematoma, excessive scarring, thrombosis or adverse LV remodelling associated with the use of hCD16 + Ms. In addition, histological evaluations of the liver, lung and spleen at the same time point were all normal (data not shown). Representative images of myocardial tissue stained for key markers are shown in Figure 4. Higher magnification images for each region are shown in Supplementary Figure S2. The primary antibodies used are shown in Supplementary Table S4.


[image: Figure 4]
FIGURE 4
Representative myocardial staining. Representative overview images of left anterior descending (LAD) artery territory encompassing scar, border zone and transition zone, and healthy circumflex (Cx) artery territory, stained with haematoxylin and eosin (H&E), antibodies to CD90, vimentin and desmin (proteins = brown) and picrosirius red (PSR; collagen = red). Scale bars are 2 mm.





Neo-angiogenesis

Results for anti-CD31 staining for separate S, BZ and TZ and H regions between groups are shown in Table 2 and Figure 5. The use of hCD16+ Ms increased the number of capillaries in S, BZ, TZ and H regions and of arterioles in S and TZ regions vs. controls (all p < 0.05). The number of capillaries and arterioles varied across regions, groups and time-points (all p < 0.001). Neo-angiogenesis analysed as cumulative LAD infarct region (S + BZ + TZ) and healthy CX region vs. control group showed a similar effect of hCD16+ Ms (see Supplementary Table S5).


TABLE 2 Neo-angiogenesis for separate S, BZ and TZ and H between groups.
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FIGURE 5
Cd31 staining to highlight capillaries and arterioles. Representative image of heart tissue stained with antibody to CD31 to highlight capillaries (arrowheads) and arterioles (arrows) manually counted in the tissue. Scale bar = 100 μm.


Expression of mRNAs for TGF-β, CTGF(CCN2), MMP2, Col 1a1, Col 1a2and Col 3a1 across S, BZ, TZ and H regions is shown in Figure 6A. Primer sequences used are shown in Supplementary Table S6. The use of hCD16+ Ms reduced the levels of pro-fibrotic factor TGF-β in the TZ region (p < 0.01; Figure 6A) and the whole infarct (S + BZ + TZ) (Supplementary Figure S4A). No other differences related to hCD16+ Ms were noted.
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FIGURE 6
mRNA expression of genes at 30-day post-injections. mRNA expression of genes associated with fibrosis (A), myofibroblast function (B), inflammation (C) and heart function (D) in infarcted regions. Data are shown as fold-change from healthy Cx territory regions. *Significant effect of treatment. $Significant effect of region. Bars over charts indicate significant differences between groups and regions. S, BZ, TZ and H indicate scar, border zone, transition zone and healthy heart regions, respectively.


Staining for collagen, a contributing factor to myocardial fibrosis, across S, BZ, TZ and H regions is shown in Table 3, Figure 4 and Supplementary Figure S3. Collagen levels were higher in region S and gradually reduced moving away from S through BZ, TZ and H regions. There was an effect related to hCD16 + Ms.


TABLE 3 Protein expression by staining.
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Fibroblasts and myofibroblasts

The presence of fibroblasts and myofibroblasts across S, BZ, TZ and H regions and groups was assessed by staining for anti-CD90 and anti-vimentin, respectively (Table 3; Figure 4; Supplementary Figure S3) and by mRNA expression of CD90, ACTA2 and POSTN (Figure 6B). The use of hCD16+ Ms was associated with increased staining for fibroblasts and myofibroblasts between groups and across S, BZ and TZ regions (both p < 0.05). Evaluations of mRNA expression markers did not show differences between groups.



Cardiomyocyte function

The level of cardiomyocyte function across S, BZ, TZ and H regions and groups was assessed by staining for desmin (Table 3, Figure 4; Supplementary Figure S3) and by mRNA expression GLUT-1 and GLUT-4 (Figure 6D). Desmin was absent in S regions but was quite intense in BZ regions in both groups, with no difference associated with the use of hCD16+ Ms. mRNA expression of GLUT-1 and GLUT-4 increased gradually from S to H regions with no difference associated with the use of hCD16+ Ms.



Tissue inflammation

Tissue inflammation across S, BZ, TZ and H regions and groups was assessed by mRNA expression TNF-α, IL-1B and IL-6 (Figure 6C). Tissue levels of IL-6 appeared to be higher in the hCD16+ Ms group although this was not quite significant (p = 0.06). No other differences were noted.




Discussion

This preclinical trial has tested the feasibility, safety and efficacy of intramyocardial modulation with hCD16+ Ms delivered via intramyocardial injections early after acute MI. A rigorous approach was used including clinical grade manufacturing of hCD16+ Ms, randomization and blinding, longitudinal in vivo imaging at clinical standards via 3 T CMR, clinical grade immunosuppression and adhesions to ARRIVE guidance (25).

Feasibility and safety of hCD16 + Ms therapy were confirmed with 100% survival of all recruited and injected animals to the predefined endpoint, with normal vital parameters and serial blood cell counts, no infections, normal nutrition and well-being over time. Indeed, the average weight gain of 16.5 kg at the final time point was within expected reference intervals with no difference between groups. Additional safety outcome measures, based on in vivo CMR and final histopathology, excluded the presence of LV intramural growth/cancer, haematoma, excessive scarring, thrombosis, infection/abscess or adverse LV remodelling associated with the use of hCD16+ Ms.

The use of clinical grade immunosuppression was agreed on balance at the study design stage to prevent rejection/death of human monocytes given the xenotransplantation approach, although we appreciated that this approach might taper down the reparative capacity of the injected monocytes. Others have used immunosuppression when testing other human cells in large animals (28) reporting at times evidence of beneficial effects. The immunosuppression regimen used in this study was selected against another clinically approved regimen in a pilot study completed in the same MI model before starting this trial. This pilot study confirmed that the immunosuppression regimen used in this trial was more effective in tapering down the porcine myocardial tissue immune response without triggering infection (data not shown but available). It might be argued that the use of immunosuppression might have limited the effectiveness of the human monocytes used in this porcine trial, and therefore that using these cells on pure autologous clinical grounds, e.g., autologous hCD16+ Ms being used in MI patients, could lead to larger effect sizes. While these speculations make sense clinically, they could be probed further only in a future human study.

The use of hCD16+ Ms derived from leucocyte cones via clinical grade manufacturing provided consistent cell count, purity and viability. Of note, a higher cell dose could be easily obtained simply by expanding the leucocyte cone base, with the potential to enhance future clinical application of myocardial immunomodulation within 24–48 h from acute MI. The use of this monocyte subtype was prompted by our previous preliminary work suggesting proangiogenic activity, 10-fold higher circulating levels in critical limb ischemia patients vs. controls and resolution of limb ischemia with normalization of circulating levels (20). With regard to mechanistic pathways involved, others have also suggested that CD16+ Ms are associated with neo-angiogenesis (21) and that monocytes (and macrophages) play pivotal roles in cardiac healing after MI (9, 29, 30), possibly by regulating the cardiomyocytes to non-cardiomyocytes interface through their phagocytic and paracrine activities (9). Monocyte phagocytic activity is of interest in acute MI as it appears to help the removal of post-MI debris and to modulate the resolution of neutrophil recruitment toward healing, connective tissue remodelling and fibrosis (9, 29–31). It has also been reported that CD16+ monocytes express high levels of CX3CR1 and low levels of chemokine receptors in the infarcted myocardium, where their presence peak at about 3–5 days post-MI becoming the predominant monocyte subtype (22). In addition, they can modulate both inflammatory and reparative phases in the infarcted myocardium by releasing anti-inflammatory cytokines and growth factors to stimulate cell proliferation, angiogenesis and ECM production (23, 24). Furthermore, they may produce specialized pro-resolving lipid mediators that may facilitate the recruitment of additional monocytes, tissue repair and return to homeostasis (32).

The use of hCD16 + Ms was associated with a 55% reduction in LV scar size compared to the pre-injection time point vs. 30% reduction observed in the control group (p = 0.015). This marked beneficial effect on LV scar was achieved despite by chance the MI scar size at CMR was larger in the hCD16 + Ms group at the baseline pre-injections time point vs. control group (p = 0.03) along with larger LV volume and more MVO. However, the use of hCD16+ Ms at the observed dose of 48.7M did not show a difference in LVEF at 30-day post-injections. Of note, the trial was powered on the assumption of detecting a 7.2% difference in LVEF, which in retrospect might have been an optimistic assumption. No prospective consideration was given to cell dose during sample size calculation, a part of a prespecified sub-analysis within the hCD16+ Ms group aimed at probing associations between cell dose (and cell viability) and LVEF and LV scar size. This sub-analysis showed 2.8% higher LVEF coupled with 1.9gr less LV scar in the subgroup of animals receiving ≥48.75 million (n = 5) vs. those receiving <48.75 million (n = 6). This secondary finding might be not trivial and may warrant an expanded preclinical trial focusing on higher cell doses. It might be argued that not all the hCD16+ Ms injected might have been retained. However, we used a well-established method of direct intramyocardial injections via a small left thoracotomy which is clinically feasible, has been used in the past in humans and animals (33–35) and has shown to achieve a higher amount of cell retention compared to intracoronary injection or IV infusion routes (36).

We also note that the decline in LVEF observed 5 days post-MI and before injections across the groups was in the moderate range (LVEF dropped only approx. 45%) as opposed to a more severe LV function impairment (LVEF <35%). According to others, a starting degree of LV moderate impairment (around 45% makes it more difficult to achieve 5%–8% gains in LVEF in absolute terms when testing new therapies) (27, 37).

The use of hCD16 + Ms was associated with higher neo-angiogenesis, including both capillaries and arterioles, in the infarcted myocardial territory. This finding is novel for the MI clinical setting as similar results have been observed previously in the context of limb ischemia (20) and other non-cardiac conditions (21). The increase of both capillaries and arterioles could explain the observed reduced LV scar size. Arterioles tend to regulate tissue blood flow while neo-capillaries increase blood flow in myocardial ischemic areas at risk; hence, this higher neo-angiogenesis might have contributed to saving cardiomyocytes at risk in our model. This finding in pig might be relevant to future human studies as we have recently reported that myocardial microcirculation in pig is structurally and functionally similar to myocardial microvasculature in humans (38).

The reduced expression of pro-fibrotic factor TGF-β in the hCD16 + Ms group might have contributed to the reduction in LV scar size seen in the hCD16 + Ms group. Concomitantly, the larger amount of tissue anti-vimentin in the hCD16 + Ms group indicates beneficial healing/function with higher levels of myofibroblasts, in keeping with the notion that myofibroblasts may effectively repair/remodel the interstitium following MI (39–41). The use of hCD16+ Ms was also associated with a trend of higher IL-6 tissue levels vs. controls at 30-day post-injections (p = 0.06). Accordingly, loss of IL-6 has been associated by others with ventricular dysfunction, fibrosis, reduced capillary density and worse myocardial reparative features (42). However, others have identified detrimental effects associated with increased IL-6 myocardial levels early after MI (8).

It might be argued that the sample size of our porcine trial was too small. However, the sample size was in line with the predefined calculation reported in Methods. Of note, the used sample size is in keeping with previous meta-analyses from 52 large-animal studies indicating that, in order to obtain a power of at least 80% in a two-sided two-sample t-test with an alpha of 0.05, 11 animals are needed in each group to detect a clinically meaningful difference in LV ejection fraction (43). In addition, it exceeded the sample size of most of the 82 studies in a total of 1,415 large animals reported in a very large systematic review (28). A limitation of this study might be that the immunosuppression regimen, commenced on Day 3 post-MI, could have impacted the early myocardial healing with possible confounding. However, similar immunosuppression was undertaken in both groups, hence any effect observed in the hCD16+ Ms group should be genuine. Another limitation of this study might be that the predefined endpoint of 30 days after injections represented a relatively too short follow-up time period. A longer period of follow-up might have helped assess the long-term impact of the proposed intramyocardial immunomodulation of key outcome measures including LV pathological remodelling, which tends to occur over a longer time period in patients with ischemic heart failure.

In conclusion, this preclinical trial suggests that the use of hCD16+ Ms to treat acute MI is feasible and safe and it is associated with reduced LV scar size, increased tissue levels of neo-angiogenesis and myofibroblasts and reduced pro-fibrotic TGF-β at 30 days despite immunosuppression. While no effect was observed on LVEF, a predefined sub-analysis within the hCD16 + Ms group showed a trend for better effect size on LVEF and scar when a higher cell dose was used. More studies are warranted to probe the efficacy of the proposed treatment.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by ethical approval obtained from the South East London Research Ethics Committee approval (Ref. 10/H0804/67). The studies were conducted in accordance with the local legislation and institutional requirements. The ethics committee/institutional review board waived the requirement of written informed consent for participation from the participants or the participants’ legal guardians/next of kin because human CD16 + monocytes (hCD16 + Ms) were selected from anonymized leucocyte cones produced as a by-product of the apheresis process of blood donated to the National Health Service Blood and Transplant (NHSBT). The animal study was approved by The in vivo animal-regulated procedures were conducted in line with UK Home Office regulations (Animal Act 1986) at the MHRA-compliant Translational Biomedical Research Centre (TBRC) (Bristol, UK). The procedures were conform to the guidelines from Directive 2010/63/EU and were undertaken under a Project Licenses (7008975 and PP4585512) granted by the Home Office after formal review and approval by the University of Bristol Animal Welfare and Ethics Review Body (AWERB). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

RA: Validation, Resources, Writing – review & editing, Writing – original draft, Supervision, Project administration, Methodology, Investigation, Funding acquisition, Data curation, Conceptualization. VB: Writing – review & editing, Methodology, Investigation, Formal Analysis. TJ: Writing – review & editing, Methodology, Investigation. ES: Writing – review & editing, Methodology. AB: Writing – review & editing, Methodology, Formal Analysis. DL-B: Writing – review & editing, Methodology. JD: Writing – review & editing, Methodology. MB: Writing – review & editing, Methodology. AC: Writing – review & editing, Methodology. AP: Writing – review & editing, Methodology, Investigation. AB: Writing – review & editing, Supervision, Funding acquisition, Conceptualization. BM: Writing – review & editing, Project administration, Methodology, Investigation, Funding acquisition, Conceptualization.



Funding

The authors declare financial support was received for the research, authorship, and/or publication of this article.

This study was supported by a British Heart Foundation grant (BHF: RM/21/290001). The Bristol TBRC facility was supported with infrastructure grants by the Medical Research Council (MRC: MR/L012723/1) and the BHF (IG/14/2/30991).



Acknowledgments

We would like to thank all the patients donating their blood to NHSBT, from which the human leucocyte cones were derived and used for the selection of hCD16+ Ms. Also, we thank Dr. Natalie Staplin from the Clinical Trials Service Unit & Epidemiological Studies Unit, Oxford Population Health, University of Oxford, for conducting the sample size calculations, blind overall statistical analysis of co-primary outcomes and the predefined sub-analysis within the hCD16+ Ms group assessing the associations between cell count and viability with co-primary outcomes. Finally, we would like to thank all the staff at the Bristol Translational Biomedical Research Centre—TBRC for large animals for their dedication and support of this preclinical trial.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2024.1427023/full#supplementary-material



References

1. World Health Organization. Global Health Observatory Data Repository ‘Mortality and Global Health Estimates’. Geneva: World Health Organization (2008). Available online at: http://apps.who.int/gho/data/node.home#

2. Ambrosy A, Fonarow G, Butler J, Chioncel O, Greene SJ, Vaduganathan M, et al. The global health and economic burden of hospitalizations for heart failure: lessons learned from hospitalized heart failure registries. JACC. (2014) 63(12):1123–33. doi: 10.1016/j.jacc.2013.11.053

3. Yancy C, Jessup M, Bozkurt B, Butler J, Casey Jr DE, Drazner MH, et al. 2013 ACCF/AHA guideline for the management of heart failure: a report of the American College of Cardiology foundation/American Heart Association task force on practice guidelines. Circulation. (2013) 62(16):147–239. doi: 10.1016/j.jacc.2013.05.019

4. Lerman DA, Alotti N, Ume KL, Péault B. Cardiac repair and regeneration: the value of cell therapies. Eur Cardiol. (2016) 11(1):43–8. doi: 10.15420/ecr.2016:8:1

5. Liew LC, Ho BX, Soh B-S. Mending a broken heart: current strategies and limitations of cell-based therapy. Stem Cell Res Ther. (2020) 11(1):138. doi: 10.1186/s13287-020-01648-0

6. Rheault-Henry M, White I, Grover D, Atoui R. Stem cell therapy for heart failure: medical breakthrough, or dead end? World J Stem Cells. (2021) 13(4):236–59. doi: 10.4252/wjsc.v13.i4.236

7. Lai S-L, Marín-Juez R, Stainier DYR. Immune responses in cardiac repair and regeneration: a comparative point of view. Cell Mol Life Sci. (2019) 76:1365–80. doi: 10.1007/s00018-018-2995-5

8. Smith S, Ascione R. Targeting neuro-immune systems to achieve cardiac tissue repair following myocardial infarction: a review of therapeutic approaches from in vivo preclinical to clinical studies. Pharmacol Ther. (2023) 245:108397. doi: 10.1016/j.pharmthera.2023.108397

9. Aurora AB, Porrello ER, Tan W, Mahmoud AI, Hill JA, Bassel-Duby R, et al. Macrophages are required for neonatal heart regeneration. J Clin Investig. (2014) 124:1382–92. doi: 10.1172/JCI72181

10. Lai SL, Marin-juez R, Moura PL, Kuenne C, Lai JKH, Tsedeke AT, et al. Reciprocal analyses in zebrafish and medaka reveal that harnessing the immune response promotes cardiac regeneration. Elife. (2017) 6:e25605. doi: 10.7554/eLife.25605

11. Lavine KJ, Epelman S, Uchida K, Weber KJ, Nichols CG, Schilling JD, et al. Distinct macrophage lineages contribute to disparate patterns of cardiac recovery and remodeling in the neonatal and adult heart. Proc Natl Acad Sci. (2014) 111:16029–34. doi: 10.1073/pnas.1406508111

12. Frangogiannis NG. The inflammatory response in myocardial injury, repair, and remodelling. Nat Rev Cardiol. (2014) 11:255–65. doi: 10.1038/nrcardio.2014.28

13. Prabhu SD, Frangogiannis NG. The biological basis for cardiac repair after myocardial infarction: from inflammation to fibrosis. Circ Res. (2016) 119:91–112. doi: 10.1161/CIRCRESAHA.116.303577

14. Dam N, Hocine HR, Palacios I, DelaRosa O, Menta R, Charron D, et al. Human cardiac-derived stem/progenitor cells fine-tune monocyte-derived descendants activities toward cardiac repair. Front. Immunol. (2017) 8:1413. doi: 10.3389/fimmu.2017.01413

15. Zlatanova I, Pinto C, Silvestre JS. Immune modulation of cardiac repair and regeneration: the art of mending broken hearts. Front Cardiovasc Med. (2016) 3:40. doi: 10.3389/fcvm.2016.00040

16. Italiani P, Boraschi D. From monocytes to M1/M2 macrophages: phenotypical vs. functional differentiation. Front Immunol. (2014) 5:514. doi: 10.3389/fimmu.2014.00514

17. Anzai A, Anzai T, Nagai S, Maekawa Y, Naito K, Kaneko H, et al. Regulatory role of dendritic cells in postinfarction healing and left ventricular remodeling. Circulation. (2012) 125:1234–45. doi: 10.1161/CIRCULATIONAHA.111.052126

18. Nagai T, Honda S, Sugano Y, Matsuyama TA, Ohta-Ogo K, Asaumi Y, et al. Decreased myocardial dendritic cells is associated with impaired reparative fibrosis and development of cardiac rupture after myocardial infarction in humans. J Am Heart Assoc. (2014) 3:e000839. doi: 10.1161/JAHA.114.000839

19. Choo EH, Lee JH, Park EH, Park HE, Jung NC, Kim TH, et al. Infarcted myocardium-primed dendritic cells improve remodeling and cardiac function after myocardial infarction by modulating the regulatory T cell and macrophage polarization. Circulation. (2017) 135(15):1444–57. doi: 10.1161/CIRCULATIONAHA.116.023106

20. Patel AS, Smith A, Nucera S, Biziato D, Saha P, Attia RQ, et al. TIE2-expressing monocytes/macrophages regulate revascularization of the ischemic limb. EMBO Mol Med. (2013) 5(6):858–69. doi: 10.1002/emmm.201302752

21. Wong KL, Yeap WH, Tai JJY, Ong SM, Dang TM, Wong SC. The three human monocyte subsets: implications for health and disease. Immunol Res. (2012) 53:41–57. doi: 10.1007/s12026-012-8297-3

22. Mentkowski KI, Euscher LM, Patel A, Alevriadou BR, Lang JK. Monocyte recruitment and fate specification after myocardial infarction. Am J Physiol Cell Physiol. (2020) 319:C797–806. doi: 10.1152/ajpcell.00330.2020

23. Hilgendorf I, Gerhardt LM, Tan TC, Winter C, Holderried TA, Chousterman BG, et al. Ly-6Chigh monocytes depend on Nr4a1 to balance both inflammatory and reparative phases in the infarcted myocardium. Circ Res. (2014) 114:1611–22. doi: 10.1161/CIRCRESAHA.114.303204

24. Narasimhan PB, Marcovecchio P, Hamers AAJ, Hedrick CC. Nonclassical monocytes in health and disease. Annu Rev Immunol. (2019) 37:439–56. doi: 10.1146/annurev-immunol-042617-053119

25. Kilkenny C, Browne WJ, Cuthi I, Emerson M, Altman DG. Improving bioscience research reporting: the ARRIVE guidelines for reporting animal research. Vet Clin Pathol. (2012) 41:27–31. doi: 10.1111/j.1939-165X.2012.00418.x

26. Mansell DS, Domenico Bruno VD, Sammut E, Chiribiri A, Johnson T, Khaliulin I, et al. Acute regional changes in myocardial strain may predict ventricular remodelling after myocardial infarction in a large animal model. Sci Rep. (2021) 11:18322. doi: 10.1038/s41598-021-97834-y

27. Afzal MR, Samanta A, Shah ZI, Jeevanantham V, Abdel-Latif A, Zuba-Surma EK, et al. Adult bone marrow cell therapy for ischemic heart disease: evidence and insights from randomized controlled trials. Circ Res. (2015) 117:558–75. doi: 10.1161/CIRCRESAHA.114.304792

28. Jansen of Lorkeers SJ, Eding JEC, Vesterinen HM, van der Spoel TIG, Sena ES, Duckers HJ, et al. Similar effect of autologous and allogeneic cell therapy for ischemic heart disease: systematic review and meta-analysis of large animal studies. Circ Res. (2015) 116:80–6. doi: 10.1161/CIRCRESAHA.116.304872

29. Akpek M, Kaya MG, Lam YY, Sahin O, Elcik D, Celik T, et al. Relation of neutrophil/lymphocyte ratio to coronary fow to in-hospital major adverse cardiac events in patients with ST-elevated myocardial infarction undergoing primary coronary intervention. Am J Cardiol. (2012) 110:621–7. doi: 10.1016/j.amjcard.2012.04.041

30. Arslan F, Smeets MB, O’Neill LA, Keogh B, McGuirk P, Timmers L, et al. Myocardial ischemia/reperfusion injury is mediated by leukocytic toll-like receptor-2 and reduced by systemic administration of a novel anti-toll-like receptor-2 antibody. Circulation. (2010) 121:80–90. doi: 10.1161/CIRCULATIONAHA.109.880187

31. Bassat E, Mutlak YE, Genzelinakh A, Shadrin IY, Umansky KB, Yifa O, et al. The extracellular matrix protein agrin promotes heart regeneration in mice. Nature. (2017) 547:179–84. doi: 10.1038/nature22978

32. Serhan CN, Levy BD. Resolvins in inflammation: emergence of the pro-resolving superfamily of mediators. J Clin Invest. (2018) 128:2657–69. doi: 10.1172/JCI97943

33. Noiseux N, Mansour S, Weisel R, Stevens LM, Der Sarkissian S, Tsang K, et al. The IMPACT-CABG trial: a multicenter, randomized clinical trial of CD133+ stem cell therapy during coronary artery bypass grafting for ischemic cardiomyopathy. J Thorac Cardiovasc Surg. (2016) 152:1582–8. doi: 10.1016/j.jtcvs.2016.07.067

34. Alvino VV, Fernández-Jiménez R, Rodriguez-Arabaolaza I, Slater S, Mangialardi G, Avolio E, et al. Transplantation of allogeneic pericytes improves myocardial vascularization and reduces interstitial fibrosis in a swine model of reperfused acute myocardial infarction. J Am Heart Assoc. (2018) 7:e006727. doi: 10.1161/JAHA.117.006727

35. Thavapalachandran S, Le TYL, Romanazzo S, Rashid FN, Ogawa M, Kilian KA, et al. Pluripotent stem cell-derived mesenchymal stromal cells improve cardiac function and vascularity after myocardial infarction. Cytotherapy. (2021) 23:1074–84. doi: 10.1016/j.jcyt.2021.07.016

36. Li S-H, Teresa YY, Sun Z, Han M, Moriyama E, Wilson B, et al. Tracking cardiac engraftment and distribution of implanted bone marrow cells: comparing intra-aortic, intravenous, and intramyocardial delivery. J Thorac Cardiovasc Surg. (2009) 137:1225–33. doi: 10.1016/j.jtcvs.2008.11.001

37. Brunskill SJ, Hyde CJ, Doree CJ, Watt SM, Martin-Rendon E. Route of delivery and baseline left ventricular ejection fraction, key factors of bone-marrow-derived cell therapy for ischaemic heart disease. Eur J Heart Fail. (2009) 11:887–96. doi: 10.1093/eurjhf/hfp101

38. Dora KA, Borysova L, Ye X, Powell C, Beleznai TZ, Stanley CP, et al. Human coronary microvascular contractile dysfunction associates with viable synthetic smooth muscle cells. Cardiovasc Res. (2020) 118:cvab218. doi: 10.1093/cvr/cvab218

39. Gnecchi M, He H, Liang OD, Melo LG, Morello F, Mu H, et al. Paracrine action accounts for marked protection of ischemic heart by akt-modified mesenchymal stem cells. Nat Med. (2005) 11:367–8. doi: 10.1038/nm0405-367

40. Turner NA, Porter KE. Function and fate of myofibroblasts after myocardial infarction. Fibrogenesis Tissue Repair. (2013) 6:5. doi: 10.1186/1755-1536-6-5

41. Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA. Myofibroblasts and mechano-regulation of connective tissue remodelling. Nat Rev Mol Cell Biol. (2002) 3:349–63. doi: 10.1038/nrm809

42. Banerjee I, Fuseler JW, Intwala AR, Baudino TA. IL-6 loss causes ventricular dysfunction, fibrosis, reduced capillary density, and dramatically alters the cell populations of the developing and adult heart. Am J Physiol Heart Circ Physiol. (2009) 296:H1694–H704. doi: 10.1152/ajpheart.00908.2008

43. van der Spoel TI, Jansen of Lorkeers SJ, Agostoni P, van Belle E, Gyöngyösi M, Sluijter JP, et al. Human relevance of pre-clinical studies in stem cell therapy: systematic review and meta-analysis of large animal models of ischaemic heart disease. Cardiovasc Res. (2011) 91:649–58. doi: 10.1093/cvr/cvr113



OPS/images/fcvm-11-1427023-t003.jpg
Stain expression per tissue area (%)

Tissue region CD9O*5# Vimentin*$$ Desmin®® CollagenSS
Scar
Border zone =0 75339 6724
Transition zone 180 5t 70831 5823
Healthy 6=0. ¥ 620549 4111
hCDI16 + Ms Scar 129 417112 31:l4 49656
Border zone 8+ 1. 62+16 69484 8424
Transition zone 5+ 1. 59+18 63.8=10.1 7022
Healthy 0=0. 21404 64572 67+23

Protein expression in Control vs. hCD16 + Ms hearts (n =8 per group) as percentage of tissue area, in predefined regions of the infarcted heart.
p<0.05: effect of treatment by univariate analysis of variance.

*p <0.001: effect of region by univariate analysis of variance.

Koy 05+ inbersction Datiean Tation A testrrsrt by anivaiate anskaicof eaancs.





OPS/images/fcvm-11-1427023-t002.jpg
No. of vessels/mm?

Tissue region Capillaries Arterioles Capillaries + Arterioles
Control Scar 91.7 +254% 380+7.5% 129.6+31.7%
Border zone 1221 £359% 127+£22% 134.8+37.6%
‘Transition zone 80.5+227% 88+29% 89.4+233%
Healthy 2006 + 50.9°° 202+4.7% 220.8+532%
hCD16 +Ms Scar 2204777 437 £7.4°% 2640 = 7447
Border zone 150.6 £ 51.9%% 140+28% 1646 % 52.7%%
Transition zone 1640 +53.17% 170 +32%% 181.0 £ 55.7%%
Healthy 318.8 +99.4™% 212+38% 340.0 = 100.0*%°
Number of capillaries and arterioles per mm’ of left anterior descending (LAD) d circumflex (CX) y regions in control vs hCD16-+ M: =8 pigs per group)

“p< 0.05: effect of hCD16 + Ms treatment vs controls
8. 0.001" affact of resion ot bi Lriarsts Shalass: of Varsnhos)





OPS/images/fcvm-11-1427023-t001.jpg
Variable hCD16 + Ms

Bascline weight (kg)

(n = 11)

Control
(n=12)

p-value

Duration coronary ocdusion
(min)

60

60

Treated VY/Vf during MI

6 (54.5%)

5 (41.7%)

Successful CPR during Mi

0(0%)

1(8.3%)

Successful DC cardioversion
during Mi

3 (27.3%)

5 (41.7%)

‘Treated VU/VF during injections

0(0%)

1(83%)

DC cardioversion during
injections

(0%)

1(8.3%)

Hypotension/bradycardia
During recovery

0(0%)

0 (0%)

Median hCD16 + Ms number
(million)
Median hCD16 + Msviability (%)

Key baseline CMR outcomes

LV scar before injections (gr)

25482

18.8%51

LVEF before injections (%)

45563

443:55

LVEDV before injections (ml)

1701 283

1554 =211

Median MVO (gr)

3.00 (2.00, 7.00)

100 (0.00, 2.50)

VT/VF, ventricular tachycardia/ventricular fibrillation; MI, myocardial infarction; CPR,
cardiopulmonary resuscitation; DG, direct current; CMR, cardiac magnetic resonance; LV.
left ventricle; LVEF, left ventricular ejection fraction; LVEDY, left ventricular end-diastoli
sakinee MVD. microvsciler ohatricion:





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Intramyocardial immunomodulation with human CD16+ monocytes to treat myocardial infarction in pig: a blind randomized preclinical trial

		Introduction



		Materials and methods



		Ethics



		Human Cd16+ Ms selection



		Porcine MI procedure and delivery of hCD16+ Ms



		CMR image acquisition and analysis



		Outcome measures



		Feasibility and safety



		In vivo efficacy measures



		Blood and tissue outcome measures











		Macroscopy, myocardial histology staining and mRNA expression



		Statistical analysis and sample size



		Sample size and power calculation











		Results



		Efficacy outcome measures



		Co-primary CMR outcomes



		LV scar size











		Effect of hCd16+ Ms count and viability on LV scar size and LVEF











		Secondary CMR outcome measures



		Histological outcome











		Neo-angiogenesis



		Fibroblasts and myofibroblasts



		Cardiomyocyte function



		Tissue inflammation











		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

Intramyocardial immunomodulation with
human CD16+ monocytes to treat
myocardial infarction in pig: a
blind randomized preclinical trial





OPS/images/fcvm-11-1427023-g002.jpg
CX Territory:
Healthy

s
;
[
o
S







OPS/images/fcvm-11-1427023-g001.jpg
T1 T2 T3

Closed chest 5 days post MI -

Bakoon MLLAD | OMRRademiaion . O eeg
hCD16™ Ms / vehicle delivery ) g

N &

hCDI16™ Ms ‘

Biomarkers Biomarkers Biomarkers
LVEF & scar size (CMR) LVEF & scar sze (CMR)
Necroscopy / Histology

@;







OPS/images/fcvm-11-1427023-g004.jpg
LAD Territory Healthy Cx Territory

| H&E

CD90

VIMENTIN







OPS/images/fcvm-11-1427023-g003.jpg
Control hCD16+Ms P=0.015
]
g w0
H
3 2
8
3
o
Before  30-day after Before  30-day after Control hCD16+Ms

injections  injections injections  injections







OPS/images/fcvm-11-1427023-g006.jpg
Fold change in mRNA Expression

TGF-p b

CTGF §

® & >
el Coldal §

. TNF-a - IL1B " IL6
15 30- 60-
10- 20- 40-
s w »
o o .

° & & * ° & & ? ° & P4 Q

owr_ ¢ owm g
P e 15—
't‘ . Control

1o w I I hcpiesus

Tissue Region






OPS/images/fcvm-11-1427023-g005.jpg
100 um






OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





