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A B S T R A C T

Background: Myocarditis is an inflammatory disease of the myocardium with infectious or immune-mediated/ 
autoimmune etiology; etiology diagnosis relays on endomyocardial biopsy (EMB). High titre serum anti-heart 
autoantibodies (AHA) define severe autoimmune forms. In autoimmune myocarditis immunosuppression (IS) 
may be required to prevent progression to dilated cardiomyopathy, heart transplant or death, but it is not always 
effective. This study aimed to identify non-invasive cellular biomarkers of etiology and response to IS in biopsy- 
proven myocarditis peripheral blood.
Methods: Fifty-eight EMB-proven myocarditis patients out of IS were enrolled and compared with 9 healthy 
controls and 20 EMB-proven myocarditis on IS. Cells distribution was evaluated by flow cytometry; results were 
related to clinical, EMB and AHA findings.
Results: Compared to healthy controls, plasmacytoid dendritic cells percentage was reduced in autoimmune (p =
0.017), in lymphocytic (p = 0.012) myocarditis patients, in those without extra-cardiac autoimmune diseases 
(AD, p = 0.01), and in myocarditis not on IS (p = 0.003). Viral myocarditis had higher CD62L+/CD56+ NK cells 
percentage (p = 0.001) and CCR2 over-expression in intermediate monocytes when compared with autoimmune 
myocarditis (p = 0.013). Autoimmune myocarditis was characterized by higher Th1/Th2 (p = 0.004) and Th17/ 
Treg ratio (p = 0.008), Th1 (p = 0.028) and Th17 lymphocytes (p = 0.017) percentage vs. healthy controls. A 
reduction of Treg cells percentage was specific for autoimmune lymphocytic (p = 0.047 vs healthy controls), for 
AHA-positive myocarditis (p = 0.03 vs healthy controls) and for myocarditis unresponsive to IS (p = 0.036).
Conclusions: Biopsy-proven myocarditis patients showed distinct peripheral immunophenotypes of either innate 
or adaptive immune cells according to different histology, etiology and response to IS, unveiling potential novel 
non-invasive etiological biomarkers for myocarditis.

1. Introduction

Myocarditis is an inflammatory disease of the myocardium with 
heterogeneous clinical presentations, defined by established histologi
cal, immunological, immunohistochemical and molecular criteria on 
endomyocardial biopsy (EMB), and can be caused by infectious and non- 

infectious agents [1–3]. In a proportion of cases, persistent inflammation 
leads to progression to dilated cardiomyopathy, heart transplantation or 
death [1–3]. The gold standard for etiological diagnosis is EMB, 
including histology to distinguish common, i.e. lymphocytic, and rare 
histotypes, i.e. giant cell, immunohistology, and polymerase chain re
action to differentiate infectious from non-infectious 
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autoimmune/immune-mediated forms [1–3].
For virus-positive cases, specific targeted therapies (i.e. antiviral 

agents, intravenous immunoglobulins) may be used [1,4] while tailored 
immunosuppression (IS), commonly including corticosteroids alone or 
in combination with azathioprine, is indicated for selected cases of 
non-infectious biopsy-proven myocarditis non responding to supportive 
treatment [1–7]. Nevertheless, non-invasive predictors of IS response 
are poorly defined [1–7]. In addition, autoimmune/immune mediated 
myocarditis can be an organ-specific pathology or develop in the context 
of a systemic immune-mediated disease, and, in the latter case is asso
ciated with poor prognosis [8]. Typical autoimmune features, i.e. female 
gender and high titer anti-heart antibodies (AHA) and/or anti-nuclear 
antibodies were independent negative predictors of death or heart 
transplant in the pre-IS era [9]. AHA are specific autoantibodies directed 
against cardiac structures (e.g., alpha-myosin heavy chain) and serve as 
a hallmark of organ-specific autoimmune aggression [9].

The respective roles and key players of innate and adaptive cell- 
mediated immunity in biopsy-proven viral vs. immune-mediated/ 
autoimmune human myocarditis are poorly described [10,11]. 
Although T lymphocytes are important players in experimental auto
immune animal models [12–14], their pathogenetic and prognostic role 
in human myocarditis is poorly described. Th1 was proposed with a dual 
role in myocarditis pathogenesis: initiation through IL-12 or progression 
blockade by IFN-γ secretion. Conversely, Th2 cells were linked to severe 
myocarditis forms with eosinophils infiltration of the myocardium. A 
human study found high levels of Th17 cells in peripheral blood and 
endomyocardial biopsy of myocarditis and dilated cardiomyopathy pa
tients, associated with progression to advanced heart failure [15] and 
dendritic cells were found to be increased in endomyocardial biopsy 
[16]. Innate immunity, such as natural killer (NK) cells and monocytes, 
may also contribute, as suggested in other cardiac diseases [17,18], but 
recent data in human myocarditis are unavailable. A study that sys
tematically correlates histological findings and peripheral immuno
phenotype has not been performed so far.

Thus, peripheral immunophenotype data on biopsy-proven viral or 
virus-negative immune-mediated myocarditis could be useful for 
developing etiology-directed therapies as well as predicting response to 
IS.

Aims of this study were: 1) to provide a comprehensive exploratory 
immunological characterization of in-vivo circulating immune cells in 
human biopsy-proven myocarditis with different histological, etiolog
ical and clinical features, reflecting the entire disease spectrum, 2) to 
correlate the distribution of circulating immune cell phenotypes in pa
tients with or without IS at study entrance, 3) to identify possible pe
ripheral immunophenotypic markers associated with specific histotypes, 
biopsy-proven etiology, and poor response to IS in autoimmune 
myocarditis.

2. Methods

2.1. Study cohort

The study includes consecutive patients recruited at the Cardiology 
Unit at the University of Padua, a third-level referral centre, from March 
2022 to January 2024 and followed-up at the Cardioimmunology 
Outpatient Clinic. Fifty-eight EMB -proven myocarditis patients who 
were never treated or not currently receiving IS (hereafter referred as 
principal cohort), 20 EMB -proven myocarditis on IS (used as control for 
IS influence) and 9 age- and sex-matched healthy controls were enrolled 
according to the Declaration of Helsinki and, for every participant, a 
written informed consent was collected, following its approval by 
Padova Institutional Review Board (cod. 5006/AO/21; cod. 5665/AO/ 
23). Healthy controls were blood donors with no history of cardiovas
cular or autoimmune diseases, screened for AHA negativity. Diagnosis of 
myocarditis was established on the basis of a suggestive clinical pre
sentation, exclusion of coronary artery disease, by coronary 

angiography or coronary computed tomography angiography, following 
2021 ESC guidelines [19], and exclusion of alternative cardiovascular 
pathologies potentially accounting for the symptoms (e.g., valvular 
diseases, hypertensive heart disease, genetic cardiomyopathies). For all 
patients, myocarditis etiology diagnosis was confirmed by histological, 
immunohistochemical and molecular examination of endomyocardial 
biopsy [1–5,19]. Patients were treated with IS when clinically indicated, 
according to current recommendations [1–5]; in particular, patients 
with rapidly progressive or chronic LV dysfunction, refractory to stan
dard optimized medical therapy, with or without significant arrhyth
mias, with or without chronic troponin release were considered possible 
candidates for IS. Patients were not offered IS in case of: spontaneous 
recovery (including symptoms, ventricular function, troponin release, 
arrhythmic burden), presence of contraindications to IS or myocarditis 
diagnosis before the TIMIC trial publication [5]. Patients on IS were 
treated as previously described [4]. Blood samples were collected at 
varying time points from diagnosis (median 67.7 months, IQR 
34.9-104.9). To account for this variability, a sensitivity analysis cor
recting for the time interval between diagnosis and sampling was 
performed.

2.2. Flow-cytometry immunophenotypic analysis

Peripheral blood mononuclear cells were isolated via density 
gradient separation, utilizing a hydrophilic polymeric saccharide (Bio
west). Th17 and T regulatory (reg) cells were identified from peripheral 
blood mononuclear cells thorough intracytoplasmic staining using the 
commercial kits Fix&Perm (ThermoFisher Scientific) and Foxp3 Buffer 
Set (Becton Dickinson), respectively; 500,000 cells were acquired and 
the populations were reported as the percentage of CD4 positive cells.

T helper subtypes, NK and dendritic cells phenotype were identified 
by staining peripheral blood mononuclear cells and acquiring at least 
100,000 cells.

Monocytes distribution was evaluated staining whole blood and 
acquiring at least 10,000 monocytes. Erythrocytes were lysed with an in- 
house prepared lysis buffer.

All the cytometric evaluations were performed with a Becton Dick
inson FACS Canto II and the data processed by Diva Software and Flowjo 
(Becton Dickinson). The data were presented, for each graph, as pop
ulations’ percentage and as cellular concentration in peripheral blood, 
expressed as absolute count (cells x 103/μL), which was mathematically 
derived from blood cell count. The antibodies used are listed in Sup
plemental materials and gating strategy are reported in Supplemental 
Figs. 1–6.

2.3. Statistical analysis

Continuous variables were reported as median and interquartile 
range (IQR), and categorical variables as absolute number and per
centage. Variables were analysed by Mann-Whitney or Kruskall-Wallis 
and Dunn post-hoc tests with Benjamini-Hochberg for multiple- 
comparison correction, clustering patients according to EMB findings, 
presence or absence of other autoimmune diseases, AHA status and 
response to IS. To address the potential confounding effect of the time 
interval between diagnosis and sampling, as well as the impact of 
ongoing or previous immunosuppressive (IS) therapy and concomitant 
autoimmune diseases, we developed a multivariable adaptive- 
adjustment model for potential confounders (timing diagnosis-blood 
sample, previous and active IS and concomitant autoimmune dis
eases). Analyses were performed on the ranks of the dependent vari
ables. To avoid overfitting and collinearity in this cohort, the model 
structure was selected adaptively for each biomarker based on the 
Akaike Information Criterion (AIC). Specifically, for time-dependency 
modelling the algorithm selected the function that minimized the AIC, 
applying complex temporal corrections only when supported by the 
data; the other covariates were dynamically excluded only if they were 
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structurally collinear with the grouping variable to prevent aliasing. 
Statistical significance was established based on a two-sided p-value 
threshold of less than 0.05. Statistical analyses were performed using the 
R System version 4.3.3. This is a cross-sectional study, and each variable 
is analysed according to the data collected, with no handling for missing 
data.

3. Results

3.1. Patients’ cohort description

The principal cohort included 58 EMB-proven myocarditis patients 
out of IS treatment at the moment of the analysis, aged 52 (40, 63) years, 
60% male. Clinical and diagnostic details are reported in Table 1. 
Overall, majority (88%) of patients had autoimmune myocarditis, and a 
minority (13%) had viral forms. Most autoimmune cases had organ- 
specific myocarditis (81%), i.e. no extracardiac autoimmune diseases 
were diagnosed. A lymphocytic histotype accounted for 91% of the 
entire cohort. AHA tested positive in 67% of patients at diagnosis. The 
most common clinical presentations were heart failure (41%) and 
pseudo-infarction with healthy coronaries (41%). Fulminant presenta
tion was present in 5.2% of cases. Median left ventricular ejection 
fraction (LV-EF) was slightly reduced (median 45%) at the time of 
immunophenotypic testing. Forty-seven percent of patients never 
received IS, and, among the 53% of IS treated patients, 43% responded 
to IS, while 10% did not. Blood count was in the range of normality. 
There were no deaths, only 2 (3.4%) patients were transplanted at the 
end of follow-up.

3.2. Immunophenotypic features in autoimmune myocarditis

Autoimmune myocarditis had a strong inflammatory signature. The 
principal cohort, in comparison to healthy controls, had higher Th1/Th2 
ratios, both in terms of percentage (Fig. 1 A, left panel) and absolute 
count (Fig. 1 A, right panel, p = 0.004 and p = 0.008 respectively) as 
well as Th17/Treg ratios percentage (Fig. 1 B, left panel) and absolute 
count (Fig. 1 B, right panel, p = 0.039 and p = 0.012 respectively). Th1 
lymphocytes percentage was also increased in autoimmune myocarditis 
(p = 0.028, Fig. 1C, left panel), as well as Th17 cells percentage (p =
0.017, Fig. 1C, middle panel) vs. healthy controls. Conversely, CD4+/ 
TCRγδ+/IL-17+/IL23R + cells percentage was reduced in autoimmune 
myocarditis in comparison to healthy controls (p = 0.033, Fig. 1C, right 
panel). The alteration of the Th17 compartment was specific for auto
immune virus-negative myocarditis, in fact both a higher percentage (p 
= 0.03, Fig. 1D, left panel) and count (p = 0.024, Fig. 1D, right panel) of 
CD4+/IL-17+ cells were evidenced, in comparison to viral myocarditis, 
as well as for percentage vs healthy controls (p = 0.046, Fig. 1D, left 
panel).

Another feature of autoimmune myocarditis rested on innate im
munity, as both plasmacytoid-dendritic cells (pDCs) percentage (p =
0.017, Fig. 2A left panel) and absolute count (p = 0.006, Fig. 2A right 
panel) were reduced in comparison to healthy controls. pDCs reduction 
was consistent regardless the distance from diagnosis, (Supplemental 
Fig. 7). Also, non-classic (i.e. CD14neg/CD16high) monocytes percent
age was reduced in autoimmune cases (p = 0.048, Fig. 2B left panel) vs. 
normals, conversely intermediate (CD14+/CD16low) monocytes in 
viral myocarditis were overexpressing CCR2 in comparison to healthy 
controls (p = 0.013, Fig. 2B right panel).

NK cells in autoimmune myocarditis were characterized by a 
different distribution of their maturation status, possibly providing help 
to distinguish viral and autoimmune forms. In particular, percentage of 
CD56bright NK cells, also positive for CD62L, a marker of non- 
terminally mature NK cells, was higher for both viral and autoimmune 
myocarditis when compared to healthy controls (p = 0.001 and p =
0.023 respectively), but lower in autoimmune than in viral myocarditis 
(p = 0.012, Fig. 2C). In keeping with these findings, NK cells in 

Table 1 
Clinical and diagnostic features of biopsy-proven myocarditis patients.

Principal cohort 
N = 58a

Age 52 (40, 63)
Sex

Male 35 (60%)
Female 23 (40%)

Myocarditis etiology
Autoimmune 49 (88%)
Viral 7 (13%)
PCR on biopsy not available 2

EMB histology
Lymphocytic 51 (91%)
Eosinophilic or Polymorphic 5 (8.9%)
Other* 2

Anti-heart antibodies
AHA+ 37 (67%)
AHA- 18 (33%)
Missing 3

Clinical presentation
Heart failure 24 (41%)
Pseudo infarction with normal coronaries 24 (41%)
Arrhythmic 7 (12%)
Asymptomatic 3 (5.2%)

Fulminant presentation 3 (5.2%)
NYHA at diagnosis

I 33 (57%)
II 11 (19%)
III 8 (14%)
IV 6 (10%)

Other extra-cardiac autoimmune diseases
without 47 (81%)
with 11 (19%)

Hashimoto thyroiditis 2 (3.4%)
Basedow disease 2 (3.4%)
Inflammatory bowel disease 2 (3.4%)
Systemic lupus erythematosus 2 (3.4%)
Inflammatory myopathies 1 (1.7%)
Multiple sclerosis 1 (1.7%)
Peripheral neuropathies 1 (1.7%)
More than one autoimmune diseases 1 (1.7%)
IS treatment before study entry 31 (53%)
IS response at study entry

never treated 27 (47%)
responsive 25 (43%)
unresponsive 6 (10%)

LVEF at blood sample 45 (28, 55)
LVEF at last follow-up 55 (50, 61)
Transplanted 2 (3.4%)
CBC at blood sample 56 (97%)
WBC (10^3/μl) 6.65 (5.50, 7.61)
Lymphocytes count (10^3/μL) 1.86 (1.45, 2.31)
Lymphocytes percentage 29 (23, 35)
Erythrocyte count (10^3/μL) 4.84 (4.46, 5.17)
Hb (g/L) 146 (135, 156)
Hematocrit (L/L) 0.44 (0.41, 0.47)
MCV 91.8 (88.7, 94.0)
ANC (10^3/μL) 3.80 (3.04, 4.74)
Neutrophils percentage 60 (53, 65)
Eosinophils count (10^3/μL) 0.12 (0.07, 0.22)
Eosinophils percentage 1.90 (1.10, 3.40)
Basophils count (10^3/μL) 0.040 (0.030, 0.050)
Basophils percentage 0.60 (0.45, 0.75)
Monocytes count (10^3/μL) 0.54 (0.44, 0.64)
Monocytes percentage 8.15 (6.65, 9.60)
Platelets count (10^3/μL) 235 (191, 270)
Neutrophils/Lymphocytes ratio 2.03 (1.54, 2.82)

Table 1: AHA = anti-heart antibodies, ANC = absolute neutrophil count, CBC =
complete blood count, EMB = endomyocardial biopsy, Hb = haemoglobin, IS =
immunosuppression, LVEF = left ventricular ejection fraction, MCV = mean 
corpuscular volume, NYHA = New York Heart Association, WBC = white blood 
count. *Healed myocarditis (n = 1), Sarcoidosis (n = 1).

a Median (Q1, Q3); n (%).
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autoimmune forms upregulated CD62L expression (p = 0.04, Fig. 2 D). 
Finally, mature cytotoxic CD3-/CD16+ NK cell count was lower in 
autoimmune myocarditis compared to healthy controls (p = 0.045, 
Fig. 2E).

3.3. Immunophenotypic features in different autoimmune myocarditis 
histologic types

The identified reduction of pDCs and increased Th17/Treg ratio in 
autoimmune forms were peculiar for lymphocytic myocarditis, 
discriminating these patients from healthy controls and from eosino
philic/polymorphic myocarditis (the latter defined as combination of 
various inflammatory cells, including lymphocytes, monocytes, macro
phages, and sometimes eosinophils or neutrophils). Pairwise compari
son evidenced a reduction of peripheral pDCs for lymphocytic 
autoimmune myocarditis when compared to healthy controls, both in 
terms of percentage and absolute count (p = 0.012, Fig. 3 A, left panel 
and p = 0.003, Fig. 3 A, right panel, respectively), and to eosinophilic/ 
polymorphic autoimmune forms (p = 0.048, Fig. 3A right panel). Th17/ 
Treg ratio was increased in lymphocytic autoimmune myocarditis when 
compared to healthy controls (percentage: p = 0.045, Fig. 3B left panel 
and absolute count: p = 0.016, Fig. 3B right panel), being explained 
either by the increase in Th17 cells percentage, as shown in Fig. 1D, and/ 
or by a reduction of Treg in lymphocytic myocarditis vs. healthy controls 
(p = 0.047, Fig. 3C). Despite the rarity of eosinophilic/polymorphic 
myocarditis, it was possible to identify that in peripheral blood in these 
cases there was an increase of the recently described pro-inflammatory 
dendritic cell identified as CD1c+/CD163+/CD141+ cells, named DC3 
[20], when compared to lymphocytic forms (percentage: p = 0.033, 
Fig. 3D, left panel and absolute count: p = 0.027, Fig. 3D, right panel).

3.4. Immunophenotypic features in autoimmune myocarditis: relation 
with AHA status and absence (i.e. organ-specific) or presence of 
extracardiac autoimmune diseases

Treg cells in autoimmune myocarditis with a positive test for circu
lating AHA, compared to healthy controls, were reduced in terms of 
percentage (p = 0.03, Fig. 4A left panel) and tended to be reduced as 
absolute count (p = 0.055, Fig. 4A middle panel). Percentage of Treg 
cells in autoimmune myocarditis without extracardiac autoimmune 
diseases (i.e. organ-specific) were lower compared to healthy controls 
(p = 0.02) and to myocarditis cases with extracardiac autoimmune 
diseases (p = 0.01, Fig. 4A, right panel). The higher Th17/Treg ratio 
described in autoimmune myocarditis did not differ according to AHA 
status and presence of other autoimmune diseases (data not shown). 
Indeed, another hint of this dysregulation was the identification of 
higher presence of Th17 cells equipped with a TCRγδ+ in myocarditis 
without other autoimmune disease, i.e. organ-specific, both in terms of 
percentage and absolute count when compared to healthy controls (p =
0.02, Fig. 4B, left panel and p = 0.03, Fig. 4B, right panel respectively) or 
compared to patients with concomitant autoimmune disease (p = 0.04 
Fig. 4B, left panel and p = 0.03 Fig. 4B, right panel respectively).

The reduction of pDCs, as already described being a common feature 
of autoimmune myocarditis, resulted steeper for myocarditis without 
other autoimmune disease, i.e. organ-specific, when compared to 
healthy controls (p = 0.01, Fig. 4C).

Patients positive for AHA are distinguished from patients with no 
circulating AHA for a reduction of the percentage of CD8+ cells (p =
0.024 vs AHA negative and p = 0.048 vs healthy controls, Fig. 4D). On 
the other hand, patients negative for AHA showed an increased per
centage of CD16+ NK cells positive for CD62L and negative for CD57 (p 
= 0.019 vs healthy controls and p = 0.04 vs AHA positive cases, Fig. 4E).

Fig. 1. Immunophenotypic features of acquired immune system in autoimmune myocarditis 
Data on immunophenotype were obtained by flow-cytometry and are reported in box plot graphs as populations percentage ratio or absolute count ratio (mathe
matically derived from blood cell count and expressed as cells x 103/μL, A, B), or as percentages (C, D Left) or as absolute count (D Right). Mann-Whitney (B, C) or 
Kruskall-Wallis (reported in the bottom of each graph) and Dunn post-hoc tests with Benjamini-Hochberg for multiple comparisons correction (A, D) were used for 
the statistical evaluation. Only the significant group comparisons are reported. These results showed that autoimmune myocarditis had higher Th1/Th2 and Th17/ 
Treg ratios (A and B). Indeed, Th1, Th17 and CD4+/IL-17+ cells were increased (C Left, Middle and D), while a subtype of Th17 cells, i.e. IL-17/IL-23Receptor(R)/ 
CD4/TCRγδ(GD) + cells, was reduced (C Right).
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3.5. Impact of time from diagnosis and confounding factors: sensitivity 
analysis

Given the variability in the time interval between diagnosis and 
blood sampling in our cross-sectional cohort, we performed a multi
variable adaptive analysis to validate the findings, Supplemental Table 2
and Supplemental Fig. 8. The reduction of pDCs in autoimmune 
myocarditis remained highly significant and robust across all models, 
confirming it is independent of disease duration and treatment status 
(Adaptive-adj. p < 0.001). Similarly, the expansion of CD56bright/ 
CD62L + NK cells in viral forms was confirmed as an etiology-specific 
marker independent of the time of sampling (Adaptive-adj. p =
0.001). Conversely, markers of adaptive immunity showed higher 
sensitivity to potential confounders. While the imbalance of Th1/Th2 
ratio cells and the reduction of Treg cells in organ-specific autoimmune 
myocarditis were confirmed after adjustment (Adaptive-adj. p = 0,001 
and p = 0.036, respectively), the Th17/Treg ratio elevation observed in 
the univariate analysis (p = 0.039) was attenuated in the multivariable 
model (Adaptive-adj. p = 0.062), suggesting that this imbalance may be 
partly modulated by the disease course or treatment history.

3.6. Immune cells distribution in patients on active IS and in IS-responders 
vs non responders

To better assess IS impact on peripheral blood immune cell 

distribution, 20 EMB-proven myocarditis patients on active IS treatment 
at study entry have been added to the principal cohort. The clinical data 
of the two cohorts are reported in Supplementary Table 1. There were no 
differences between these two cohorts in terms of clinical and instru
mental findings at diagnosis. Median LVEF at the time of immunophe
notypic testing tended to be lower, when assessed at the latest available 
follow-up (q = 0.013). Blood cell count was altered in the actively 
treated cohort (Supplemental Table 1 and Supplemental Fig. 9A), when 
compared to the principal one, but all the value remained within the 
normality range, with the exception of the neutrophil to lymphocyte 
ratio, which tended to be increased (q = 0.058).

Finally, the entire cohort was evaluated in order to assess how IS 
might alter the immune cell distribution in biopsy-proven myocarditis. 
In particular, patients on active IS treatment at study inclusion had a 
reduction in NK cells percentage (p = 0.007, Supplemental Fig. 9B, left 
panel) and actively treated patients not responding to IS had the 
strongest Treg cells percentage reduction (p = 0.036, Supplemental 
Fig. 9B, right panel). Based on these results, we included in the analysis 
on IS response status only autoimmune patients who were not on active 
IS at the time of immunophenotype testing (Fig. 5).

Patients who had not responded to IS, which had been terminated 
before the patients’ enrolment, where characterized by alterations in 
blood cell count, in particular a higher percentage of neutrophils (p =
0.036 vs patients who never received IS; p = 0.025 vs healthy controls, 
Fig. 5A, left panel), a lower eosinophil percentage (p = 0.008 vs healthy 

Fig. 2. Immunophenotypic features of innate immune system in autoimmune myocarditis 
Data on immunophenotype were obtained by flow-cytometry and are reported in box plot graphs as percentages (A Left, B Left, C) or as absolute count (mathe
matically derived from blood cell count and expressed as cells x 103/μL, A Right, E), or as mean fluorescence intensity (MFI, i.e. expression level, B Right, D Left). 
Mann-Whitney (D) or Kruskall-Wallis (reported in the bottom of each graph) and Dunn post-hoc tests with Benjamini-Hochberg for multiple comparisons correction 
(A, B, C, E) were used for the statistical evaluation. Only the significant group comparisons are reported. Plasmacytoid dendritic cells (pDCs, A), non classic 
monocytes (B, Left) and CD3-/CD16+ NK cells were reduced in autoimmune myocarditis (E). On the other hand, NK cells over-expressed CD62L in autoimmune 
forms (D); this marker evidences less mature NK cells and indeed immature NK cells (CD56b/CD62L+) are increased in myocarditis and in particular for viral 
forms (C).
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controls; p = 0.011 vs patients who never received IS; p = 0.01 vs IS 
responders, Fig. 5B, middle panel) and count (p = 0.012 vs healthy 
controls; p = 0.016 vs patients who never received IS; p = 0.01 patients 
responsive to IS, Fig. 5C, right panel).

IS-unresponsive patients had a reduction of HLA-DR + peripheral 
cells in comparison to healthy controls and patients responding or never 
treated (percentage p = 0.02 vs never treated, p = 0.028 vs responsive, 
Fig. 5 D left panel; count p = 0.02 vs healthy controls, p = 0.015 vs never 
treated and p = 0.01 vs responsive, Fig. 5D right panel). Moreover, IS 
non responders exhibited a reduction of CD3+/TCRγδ+ cells count 
compared to healthy controls (p = 0.019), never treated cases (p =
0.043) and to responders (p = 0.037, Fig. 5E). Remarkably, patients 
never requiring IS, were characterized by the strongest reduction of 
pDCs, both in terms of percentage and absolute count in comparison to 
healthy controls (p = 0.003, Fig. 5F, left panel and p = 0.001 Fig. 5F, 
right panel, respectively) and to IS responders (p = 0.022 Fig. 5F, left 
panel and p = 0.023 Fig. 5F, right panel, respectively).

4. Discussion

In this EMB-proven myocarditis cohort study, for the first time, 
distinct peripheral blood immunophenotypes of either innate or adap
tive immune cells were identified according to: etiology (viral vs. 
autoimmune), histology (lymphocytic vs. other histotypes), presence or 
absence of circulating AHA, association with other extracardiac auto
immune diseases, and response to IS in autoimmune forms. This might 

unveil potential novel non-invasive etiological biomarkers for myocar
ditis, which still represents an unmet clinical need, (see graphical ab
stract). In this study most patients had a biopsy-proven autoimmune 
form. This is likely related to the fact that our center is a third-level 
referral hub for inflammatory cardiomyopathies, thus our cohort in
cludes predominantly patients with clinically relevant forms that, in 
keeping with current guidelines, undergo endomyocardial biopsy. 
Nonetheless a high presence of autoimmune forms is a mirror of the 
typical biopsy-proven myocarditis epidemiology, where the confirmed 
viral forms (diagnosed by searching for viral genomes within the EMB) 
are around 10-15%, as shown in a recent multicenter European 
myocarditis registry [21]. Viral PCR on EMB is a highly sensitive tech
nique and gold standard for diagnosis of viral myocarditis, with a 
negligible false negative rate [1–7].

4.1. Autoimmune peripheral immune-phenotypic signature: role of pDCs

Our autoimmune myocarditis patients showed differences in pe
ripheral immune cells distribution when compared to those with viral 
myocarditis. In particular, a significant reduction of pDCs was specif
ically found in the organ-specific autoimmune forms, not requiring IS 
because of spontaneous resolution on optimized non etiology-specific 
medical therapy. Remarkably, this depletion of circulating pDCs in the 
less severe autoimmune myocarditis emerged as a highly robust signa
ture resistant to adjustment for time-from-diagnosis and immunosup
pressive therapy. This stability suggests that pDC reduction is not merely 

Fig. 3. Immunophenotypic features in different myocarditis histologic types 
Data on immunophenotype were obtained by flow-cytometry and are reported in box plot graphs as percentages (A Left, C, D Left), or as absolute count (mathe
matically derived from blood cell count and expressed as cells x 103/μL, A Right, D Right), or as ratio of populations percentage or count (B). Kruskall-Wallis 
(reported in the bottom of each graph) and Dunn post-hoc tests with Benjamini-Hochberg for multiple comparisons correction were used for the statistical evalu
ation. Only the significant group comparisons are reported. Lymphocytic myocarditis had reduced plasmacytoid dendritic cells (pDCs, A) and Treg cells (C), leading 
to and increased Th17/Treg ratio (B). Eosinophilic/Polymorphic (Eosinophil/Polymorph) myocarditis had higher the pro-inflammatory dendritic cells, named DC3, 
in comparison to lymphocytic forms (D).
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Fig. 4. Immunophenotypic features in autoimmune myocarditis with or without AHA and other autoimmune diseases. 
Data on immunophenotype were obtained by flow-cytometry and are reported in box plot graphs as percentages (A Left and Right panels, B Left, C, D and E), or as 
absolute count (mathematically derived from blood cell count and expressed as cells x 103/μL, A Middle panel, B Left). Kruskall-Wallis (reported in the bottom of 
each graph) and Dunn post-hoc tests with Benjamini-Hochberg for multiple comparisons correction were used for the statistical evaluation. Only the significant group 
comparisons are reported. Treg cells were reduced in autoimmune myocarditis with organ specific anti-heart antibodies (AHA) and without other autoimmune 
diseases (AD, A). Autoimmune myocarditis with an organ specific disease had more Th17 cells equipped with a TCRγδ+ (TCR-GD, B) and reduced plasmacytoid 
dendritic cells (pDCs, C). AHA + patients had less CD8+ cells (D), while patients without AHA had increased mature NK cells with a high expression of CD16 (CD16h) 
positive for CD62L and negative for CD57 (E).
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a transient phenomenon, nor a bystander effect of treatment, but likely 
may represent a core pathogenetic mechanism of the autoimmune 
phenotype, possibly related to persistent myocardial homing. Indeed, 
this reduction of pDCs may relate to the accumulation of pDCs in the 
myocardium, previously demonstrated both on endomyocardial biopsy 
from dilated cardiomyopathy/acute myocarditis and in experimental 
myosin-induced autoimmune murine myocarditis [16,22,23]. At the 
same time, we cannot exclude that reduced circulating pDCs may reflect 
a broader systemic state of immune regulation or exhaustion typical of 
chronic autoimmunity. In mouse models, injection of tolerogenic DCs 
loaded with alpha-myosin lead to successful induction of specific Treg 
cells and subsequent reduction of myocardial inflammation [24]. These 
experimental findings are in keeping with the established role of myosin 
heavy chain as major cardiac autoantigen recognized by the circulating 
AHA found in autoimmune myocarditis/dilated cardiomyopathy pa
tients [15,25], and highlight the potential clinical relevance of future 
myosin-specific tolerogenic strategies. However, some controversial 
results on pDCs have been reported, possibly related to differences in 
markers chosen for pDCs identification, as well as patients’ selection 
criteria; previous studies did not include patients with biopsy-proven 
virus-negative autoimmune myocarditis [16,26]. Thus, our study for 
the first time unequivocally identified the disease subgroup with 
reduced pDCs, i.e. patients with an organ specific cardiac autoimmune 
response who never required IS. Considering the cross-sectional nature 
of our cohort, pDCs reduction was consistent regardless the distance 

from diagnosis. Being peripheral pDCs either proinflammatory or tol
erogenic [27]; their persistent reduction could reflect or a continuous 
low-grade inflammation even if the cardiological symptoms resolve, or a 
tolerogenic state, thus further studies are warranted. Nonetheless, our 
cross-sectional results suggest that a reduction in peripheral pDCs may 
represent a non-invasive parameter to identify milder patients at diag
nosis. Conversely, the proinflammatory myeloid DC3 class was 
increased in eosinophilic/polymorphic myocarditis, the most aggressive 
autoimmune forms.

4.2. Autoimmune peripheral immune-phenotypic signature: role of NK 
cells

The role of NK cells in autoimmunity is still debated [28], since it has 
been described either as protective or pathogenic in experimental viral 
or autoimmune murine myocarditis models [17], little is known in 
human myocarditis. These controversial results could be seen as a pe
culiarity of NK cells, as their differentiation pathway is not yet 
completely clarified; it could be seen as a continuum of maturation, with 
different functional shades [29]. Anyway, a pathogenic NK role in 
humans was suggested decades ago and the results herein described 
seemed to be in line [30]. In fact, a new observation in this study was 
that NK cells where expressing higher level of CD62L, which is involved 
in lymphocyte trafficking and homing to peripheral lymphoid tissues 
and sites of inflammation [31], thus suggesting their enhanced capacity 

Fig. 5. Immune cells distribution in responders vs non responders patients to immunosuppression 
Data on cell blood count and data on immunophenotype (obtained by flow-cytometry) are reported in box plots graphs as percentages (A, B, D Left, F Left), or as 
absolute count (mathematically derived from blood cell count and expressed as cells x 103/μL, C, D Right, F Right). Kruskall-Wallis (reported in the bottom of each 
graph) and Dunn post-hoc tests with Benjamini-Hochberg for multiple comparisons correction were used for the statistical evaluation. Only the significant group 
comparisons are reported. Patients unresponsive to immunosuppression (IS) were characterized by an increase of neutrophils (A), a reduction of eosinophils (B, C), of 
cells expressing Human Leukocyte Antigen type DR (HLA-DR, D), and of T lymphocytes equipped with a TCRγδ+ (TCR-GD, E). Patients who never required IS, 
because of spontaneous healing, could be identified by the reduction in plasmacytoid dendritic cells (pDCs, F).
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to infiltrate and damage the myocardium. We also found that CD62L 
positivity was more frequent in CD56bright cells particularly in viral 
myocarditis regardless of the sampling timing, underlining a higher 
presence of circulating immature NK cells with strong cytokine secretion 
capacity in viral forms, again suggesting a potential higher pathoge
nicity of these cells. In addition, in autoimmune AHA negative forms, 
higher presence of CD62L positivity was found in CD56neg/CD16high 

cells. These latest cells are usually only cytotoxic and not proliferating, 
but the presence of CD62L identifies a peculiar subtype of 
CD56neg/CD16high cells, which still retain interferon-γ secretion and 
proliferative capacities and combine them with cytotoxicity upon 
engagement of activating receptors [31]. Thus, our findings suggest that 
NK cells may also play a predominant pathogenic role in autoantibody 
negative autoimmune myocarditis patients.

4.3. Autoimmune peripheral immune-phenotypic signature: role of T 
lymphocytes and correlations with IS

In our cross-sectional biopsy-proven myocarditis cohort, it was 
shown that in peripheral blood there was an increase of Th1 cells, as well 
as of CD4+/IL17+ cells mainly in autoimmune forms, in keeping with 
experimental models and some human studies [15,32]. The increased 
CD4+/IL17+ cell number in our patients with autoimmune lymphocytic 
myocarditis was also mirrored by the higher Th17/Treg ratio and by the 
reduction in the percentage of Treg cells. Our findings are again in line 
with the literature, since Treg were already described as reduced as well 
as less functional in dilated cardiomyopathy cases [15,33]. However, 
while Th1/Th2 imbalance is stable, the Th17/Treg ratio showed higher 
sensitivity to confounding factors, even if the reduced Treg cells per
centage is confirmed. This indicates that unlike innate immunity, the 
peripheral adaptive immune profile is more dynamic. Anyway, the role 
of the Th17 and Treg cells is autoimmune myocarditis has been already 
described in EAM and, surely, they might be considered potentially 
relevant markers in peripheral blood as well.

In addition, for the first time, in this study increased circulating 
levels of Th17 TCRγδ+ cells, identified via expression of chemokine 
receptors, were exclusively found in organ-specific autoimmune 
myocarditis; conversely, a reduction of TCRγδ+ cells, identified via 
expression of IL-17 and IL-23R, was found in all autoimmune forms, i.e. 
including patients with other extra-cardiac autoimmune disease. These 
findings suggest that the pathogenetic role of TCRγδ+ cells in human 
autoimmune myocarditis should be further studied in depth, since most 
studies have only been focused on TCRαβ+ cells [34]. Nevertheless, 
TCRαβ+ cells pathogenic role is indisputable, given the widely demon
strated presence of TCR + cells, reactive to α-myosin, driving autoim
mune myocarditis pathogenesis [34].

Further, the present study, for the first time, evaluated the impact of 
IS on peripheral blood immune cells distribution. As expected, an 
imbalance on blood cell count and immune cell distribution was found 
in patients on ongoing IS at the time of their sampling, particularly in 
non responders; this also mirrored the higher disease severity for this 
group and was indicative of a strong inflammation, in line with a recent 
study [35]. Thus, the peripheral immune signatures were compared only 
in the principal cohort, classified as responsive or unresponsive to IS at 
the time of their immunophenotype. The unresponsive cases were 
characterized by reduced HLA-DR+ and TCRγδ+ cells. A potential 
explanation might be that, likewise pDCs, these cells might accumulate 
in the myocardium and contribute to cytotoxicity. Indeed TCRγδ+ cells 
had higher cardiomyocytes killing capacity than TCRαβ+ cells in 
experimental viral models and an important infiltration was detected in 
a fulminant case of human autoimmune myocarditis [36,37].

4.4. Study limitations

Due to the cross-sectional study design the observed differences in 
cell distributions in myocarditis do not infer causality the observed 

differences represent associations rather than predictive factors. Our 
cohort is middle-size, but, so far, our 78 patients represent one of the 
largest single center EMB-proven cohort progressively recruited. Despite 
the limited number, the cohort is fully representative of the disease 
spectrum, etiologies and histotypes. The main goal of this study was to 
perform a broad exploratory analysis on peripheral immunophenotype, 
thus we started from low numbers of patients for each disease subtype. 
We recruited a low number of healthy controls to be comparable in 
numbers with our patients subgroups, and in all healthy controls the 
immunophenotypic parameters were within the normal ranges 
described in the general population at our hospital. We made sure of 
having age and sex-matched subjects since both age and sex may be 
relevant confounders in studies on autoimmunity. In relation to poten
tial confounders related to treatment, we performed the analysis sub
dividing the cohort according to IS status, i.e. on-IS or off-IS, and to 
presence or absence of concomitant extra-cardiac-autoimmune diseases 
at the time of immunophenotype. Moreover, we applied an adaptive 
multivariable model to adjust for the confounders which confirmed our 
main findings regarding innate immunity were not driven by the time- 
interval bias. However, some adaptive immune markers (e.g., Th17/ 
Treg ratio) appeared more time-sensitive, warranting confirmation in 
prospective longitudinal studies. Although differences in immune cell 
profiles between IS responders and non-responders were noted, future 
prospective studies are warranted to validate these profiles as predictors 
of treatment response. Moreover, multi-center studies are needed to 
recruit a bigger prospective cohort to validate the results herein 
described.

5. Conclusions

Biopsy-proven myocarditis patients showed distinct associations of 
blood immunophenotypes of either innate or adaptive immune cells 
according to different histology, etiology (viral vs autoimmune) and 
response to IS in autoimmune forms, unveiling potential novel non- 
invasive etiological biomarkers for myocarditis for risk stratification 
or identification of milder autoimmune forms not requiring 
immunosuppression.
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