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Abstract: Background: Myeloproliferative neoplasms (MPNs) are clonal hematopoietic stem cell disorders charac-
terized by excessive myeloid proliferation. The impaired clearance of senescent erythrocytes is a key pathological
feature, yet its mechanisms remain unclear. Pro-phagocytic platelet-erythrocyte (P-RBC) complexes may represent
a novel intercellular interaction involved in this process. Objective: To investigate the levels of P-RBC complexes
in MPN patients, their association with clinical characteristics and thrombotic risk, and their potential diagnostic
value. Methods: In this retrospective cohort study, 152 MPN patients (including polycythemia vera [PV], essential
thrombocythemia [ET], and primary myelofibrosis [PMF]) and 152 healthy controls were enrolled. P-RBC complex
levels in peripheral blood were measured using flow cytometry. Correlations with laboratory parameters, thrombotic
events, and survival were analyzed. Results: P-RBC complex levels were significantly higher in MPN patients than in
controls (2.76 £ 0.53% vs. 1.28 + 0.37%, P < 0.001). Levels varied by subtype, with PMF patients showing the high-
est levels (3.28 + 0.52%), followed by PV (2.76 + 0.44%) and ET (2.49 + 0.39%) (P < 0.001). P-RBC levels positively
correlated with hemoglobin (r = 0.456), C-reactive protein (r = 0.291), and lactate dehydrogenase (r = 0.736) (all
P < 0.001). Patients with thrombotic events had higher P-RBC levels than those without (3.04 + 0.70% vs. 2.72 +
0.48%, P = 0.009). Multivariate analysis identified P-RBC level as an independent risk factor for thrombosis (OR =
3.07, P=0.012). Although survival was worse in the high-P-RBC group, the difference was not statistically significant
(P =0.194). ROC analysis showed excellent diagnostic performance for MPNs (AUC = 0.990), with 100.0% sensitiv-
ity and 91.4% specificity at a 1.80% cutoff. Conclusion: P-RBC complexes are significantly elevated in MPN patients
and correlate with disease subtype, inflammation, and thrombotic risk. They represent a promising novel biomarker
for MPN diagnosis and risk stratification.
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Introduction distinct clinical manifestations and complica-
tion profiles, but share common features includ-
ing persistent activation of hematopoietic stem

cells, excessive production of blood cells, and a

Myeloproliferative neoplasms (MPNs) are a
group of clonal malignant proliferative diseases

derived from hematopoietic stem cells, charac-
terized by abnormal proliferation of one or more
myeloid lineages in the bone marrow, including
erythrocytes, granulocytes, and megakaryo-
cytes [1, 2]. According to the 2016 World Health
Organization (WHO) classification criteria, clas-
sic Philadelphia chromosome-negative MPNs
mainly include polycythemia vera (PV), essen-
tial thrombocythemia (ET), and primary myelofi-
brosis (PMF) [3]. These three disorders present

potential risk of transformation to acute leuke-
mia [4]. Although recent studies on driver gene
mutations such as JAK2, CALR, and MPL have
greatly deepened our understanding of the
pathogenesis of MPNs [5, 6], the molecular
mechanisms underlying disease progression,
thrombotic events, and prognostic heterogene-
ity in MPN patients remain incompletely eluci-
dated. There is an urgent need to explore novel
biomarkers and therapeutic targets.
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The clearance of senescent red blood cells is a
key physiological process for maintaining he-
matopoietic homeostasis and hemorheological
balance [7]. Under normal physiological condi-
tions, senescent red blood cells expose “eat-
me” signals such as phosphatidylserine exter-
nalization and are recognized and eliminated
by macrophages in the spleen and liver [8].
However, under pathological conditions such
as MPNs, erythropoiesis is abnormally acceler-
ated. The accumulation of senescent red blood
cells not only impairs hemorheological proper-
ties and increases thrombotic risk, but may
also trigger inflammatory responses by releas-
ing damage-associated molecular patterns
(DAMPs), further exacerbating the disruption of
the bone marrow microenvironment [9, 10].
Therefore, a thorough understanding of the
regulatory mechanisms governing senescent
red blood cell clearance in MPNs is of great sig-
nificance for revealing the pathophysiological
processes of MPNs and developing novel thera-
peutic strategies.

In recent years, the role of platelets in red blood
cell clearance has attracted increasing atten-
tion. Polverelli et al. [11, 12] first reported a
new structure for intercellular interaction - pro-
phagocytic platelet-red blood cell complexes
(P-RBC complexes) - and demonstrated their
crucial role in the clearance of senescent red
blood cells. These complexes are formed when
activated platelets recognize externalized pho-
sphatidylserine on senescent red blood cells
via phosphatidylserine receptors on their sur-
face such as TIM-4, and are subsequently
phagocytosed and cleared by macrophages
[13]. This discovery has challenged the tradi-
tional view that red blood cell clearance is per-
formed solely by macrophages, revealing a
novel function of platelets as “auxiliary phago-
cytes”. Further studies have shown that the for-
mation of P-RBC complexes is finely regulated
by platelet activation status, molecular modifi-
cations on the erythrocyte membrane, and the
cytokine network in the microenvironment [14].

In the pathological context of MPNs, both plate-
let count and function are significantly altered.
Patients with PV often present with thrombocy-
tosis and elevated markers of platelet activa-
tion; patients with ET are characterized by me-
gakaryocytic hyperplasia and extreme throm-
bocytosis; and patients with PMF display abnor-

6536

mal platelet morphology and function as well as
bone marrow fibrosis [15, 16]. These altera-
tions may affect the formation of P-RBC com-
plexes and the efficiency of senescent red
blood cell clearance mediated by these com-
plexes. On the one hand, excessive platelet
activation in MPNs may promote the formation
of P-RBC complexes and accelerate the clear-
ance of senescent red blood cells. On the other
hand, abnormally increased platelets may com-
petitively bind to clearance receptors on the
surface of macrophages, interfering with the
normal process of red blood cell clearance [17].
To date, the expression level and clinical signifi-
cance of P-RBC complexes in MPN patients, as
well as their relationships with disease progres-
sion, thrombotic events, and survival progno-
sis, remain unclear.

Based on the above research background, we
propose the following scientific hypothesis: the
level of circulating P-RBC complexes is signifi-
cantly elevated in the peripheral blood of MPN
patients and is closely associated with disease
subtype, inflammatory status, and thrombotic
risk; P-RBC complexes may serve as novel bio-
markers for the diagnosis and risk stratifica-
tion of MPNs. To verify this hypothesis, we
designed a retrospective cohort study enrolling
152 MPN patients and 152 healthy controls.
We measured peripheral blood levels of P-RBC
complexes, analyzed their correlations with
clinical parameters, gene mutations, thrombot-
ic events, and survival prognosis, and evaluat-
ed their diagnostic value for MPNs. This study
aims to provide new insights into the pathogen-
esis of MPNs and offer potential biomarkers
and therapeutic targets for clinical diagnosis
and treatment.

Materials and methods
Study design and participants

This study was a single-center retrospective
cohort study. A total of 152 patients with myelo-
proliferative neoplasms (MPN) who were diag-
nosed in the Department of Hematology at the
Second Hospital of Shanxi Medical University
between January 2018 and December 2023
were enrolled as the case group. Meanwhile,
152 healthy volunteers with age and sex-
matched characteristics who underwent physi-
cal examinations in the Second Hospital of
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Shanxi Medical University medical examination
center during the same period were selected as
the control group. This study was approved by
the Ethics Committee of Second Hospital of
Shanxi Medical University and adhered to the
principles of the Declaration of Helsinki (2013
revision).

Inclusion and exclusion criteria

This was a retrospective cohort study. The
inclusion criteria for the MPN patient group
were as follows: (1) Diagnosis conformed to the
2016 World Health Organization (WHO) revised
diagnostic criteria for MPNs, including polycy-
themia vera (PV), essential thrombocythemia
(ET), and primary myelofibrosis (PMF); (2) Age
>18 years and <80 years; (3) Complete clinical
data, including demographic information, labo-
ratory test results, treatment records, and fol-
low-up information; (4) First diagnosis was
made between January 2018 and December
2023. The inclusion criteria for the healthy con-
trol group were as follows: (1) Individuals who
underwent health examinations in the Second
Hospital of Shanxi Medical University medical
examination center during the same period; (2)
Age >18 years and <80 years; (3) No history of
hematological diseases, with all complete
blood count (CBC) indices within the normal ref-
erence range; (4) No diseases such as malig-
nant tumors, autoimmune diseases, or severe
infections that might affect the study results.
The exclusion criteria for the MPN patient group
were as follows: (1) Presence of other hemato-
logical diseases, such as myelodysplastic syn-
dromes (MDS) or acute leukemia; (2) Severe
cardiac, hepatic, or renal insufficiency; (3)
Active infection or autoimmune diseases; (4)
Incomplete clinical data with missing key indi-
cators; (5) Lost to follow-up or follow-up time
less than 6 months. The exclusion criteria for
the healthy control group were as follows: (1)
Family history of hematological diseases; (2)
Abnormal complete blood count (CBC) results
(outside the normal reference range); (3) History
of infection, surgery, or trauma within the most
recent 3 months; (4) Long-term use of medica-
tions affecting blood cell counts.

Data collection
Clinical data for all participants were retrospec-

tively collected through the hospital’s electron-
ic medical record system, including:
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Demographic characteristics: Age, sex, body
mass index (BMI), smoking history, and alcohol
consumption history.

Clinical diagnostic information: For MPN pa-
tients, data recorded included diagnosis date,
disease subtype (PV/ET/PMF), gene mutation
status (JAK2, CALR, MPL, triple-negative), and
bone marrow fibrosis grade (0-3).

Laboratory examination indicators: Peripheral
venous blood was collected from all partici-
pants at enrollment to detect the following
indicators:

Complete Blood Count (CBC): Hemoglobin (Hb),
platelet count (PLT), white blood cell count
(WBC); Biochemical Indicators: Lactate dehy-
drogenase (LDH); Inflammatory Indicators: C-
reactive protein (CRP); P-RBC Complex Levels:
Detected by flow cytometry as the proportion of
CD41CD235a* double-positive cells in periph-
eral blood, expressed as a percentage.

Clinical event records: Thrombotic events:
Occurrence of arterial thrombosis (myocardial
infarction, cerebral infarction) and venous
thrombosis (deep vein thrombosis, pulmonary
embolism); Disease progression: Time from
diagnosis to disease progression (months),
with disease progression defined as transfor-
mation to a more advanced stage (e.g., PV/ET
progressing to PMF, or progression to acute leu-
kemia); Survival status: Patient survival status
(alive/dead) at the last follow-up and time of
death (months).

Follow-up information: Patient survival status
and clinical event information were obtained
through outpatient review records and tele-
phone follow-ups. The last follow-up date was
June 30, 2024, with a median follow-up time of
36 months (range: 6-72 months).

P-RBC complex detection method

Two milliliters of fasting peripheral venous
blood were collected from each participant
using EDTA anticoagulation (Vacutainer, BD
Biosciences, Franklin Lakes, NJ, USA). Peri-
pheral blood mononuclear cells were isolated
by density gradient centrifugation using Fico-
lI-Paque PLUS (GE Healthcare, Chicago, IL,
USA), and the cell concentration was adjusted
to 1x10%/mL with phosphate-buffered saline
(PBS, Gibco, Thermo Fisher Scientific, Waltham,
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MA, USA). Fluorescently labeled antibodies
CD41-FITC (clone HIP8, cat# 11-0419-42, eBio-
science, San Diego, CA, USA) and CD235a-PE
(clone HIR2, cat# 12-9987-42, eBioscience,
San Diego, CA, USA) were added, followed by
incubation at 4°C in the dark for 30 minutes.
After washing with PBS, the proportion of
CD41'CD235a* double-positive cells, repre-
senting the P-RBC complex level, was detected
by flow cytometry (BD FACSCanto Il, BD
Biosciences, San Jose, CA, USA). Ten thousand
cells were analyzed for each sample, and data
were processed using FlowJo software (v10.0,
FlowJo LLC, Ashland, OR, USA).

Grouping methods

Grouping was performed according to the study
objectives as follows: Comparison between the
case group (MPN patients) and the control
group (healthy individuals); Subgrouping of
MPN patients according to disease subtype
into PV, ET, and PMF groups; Stratification of
MPN patients into high-P-RBC (= median) and
low-P-RBC (< median) groups based on the
median P-RBC complex level for survival analy-
sis; Classification into thrombotic event and
non-thrombotic event groups according to the
occurrence of thrombotic events.

Study outcomes

The primary outcome of this study was the dif-
ference in peripheral blood P-RBC complex lev-
els between MPN patients and healthy con-
trols. Secondary outcomes included: (1)
differences in P-RBC levels across MPN sub-
types (PV, ET, PMF); (2) correlations between
P-RBC levels and clinical/laboratory parame-
ters (hemoglobin, platelet count, C-reactive
protein, lactate dehydrogenase); (3) associa-
tion between P-RBC levels and thrombotic
events; (4) diagnostic value of P-RBC complex-
es for MPN (assessed by ROC analysis); and (5)
impact of P-RBC levels on overall survival.

Statistical analysis

Statistical analyses were performed using
SPSS 26.0 (IBM Corp., Armonk, NY, USA) and R
software (version 4.1.0). All statistical tests
were two-sided, and a p-value < 0.05 was con-
sidered statistically significant. Measurement
data were expressed as mean + standard devi-
ation (Mean = SD), while enumeration data
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were expressed as frequency and percentage
(n, %). For intergroup comparisons, indepen-
dent sample ttests (normal distribution) or
Mann-Whitney U tests (non-normal distribution)
were used for comparisons between two groups
of measurement data, while one-way analysis
of variance (ANOVA) or Kruskal-Wallis tests
were used for comparisons among multiple
groups. For P-RBC levels, analysis of covari-
ance (ANCOVA) adjusted for age and sex was
performed, and post-hoc Tukey HSD tests were
used for pairwise comparisons. Chi-square
tests or Fisher's exact probability methods
were used for comparisons of enumeration
data between groups. Pearson correlation
analysis (normal distribution) or Spearman rank
correlation analysis (non-normal distribution)
was employed to evaluate the correlation
between P-RBC complex levels and clinical indi-
cators. Multivariate logistic regression models
were used for thrombotic event analysis to cal-
culate odds ratios (OR) and their 95% confi-
dence intervals (Cl), with adjustments for age
and sex. For survival analysis, Kaplan-Meier
curves were generated, and the Log-rank test
was used to compare survival differences
between the high-P-RBC and low-P-RBC groups.
Furthermore, Cox proportional hazards regres-
sion models were applied to analyze the impact
of P-RBC complex levels on survival prognosis,
calculating hazard ratios (HR) and their 95% CI.
Receiver operating characteristic (ROC) curves
were constructed to evaluate the diagnostic
value of P-RBC complexes for MPNs, calculat-
ing the area under the curve (AUC). The optimal
diagnostic threshold was determined using the
Youden index (Youden index = sensitivity +
specificity - 1), and the sensitivity, specificity,
accuracy, precision, and F1 score at this thresh-
old were calculated.

Results
Baseline characteristics of the population

As summarized in Table 1, MPN patients were
significantly older and had a higher proportion
of females compared with healthy controls
(both P < 0.05). All measured laboratory param-
eters, including hemoglobin, platelet count,
white blood cell count, lactate dehydrogenase,
and C-reactive protein, were significantly ele-
vated in MPN patients (all P < 0.001). Notably,
the level of P-RBC complexes was significantly
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Table 1. Baseline characteristics of MPN patients and healthy controls

Variable MPN patients (n = 152) Healthy controls (n = 152) t/x? P-value
Age (years) 60.89 + 7.49 57.95 + 7.17 3.489 <0.001
Gender 6.980 0.008

Male 68 (44.7%) 92 (60.5%)

Female 84 (55.3%) 60 (39.5%) 0.008
Hemoglobin (g/L) 145.39 + 14.43 134.89 + 7.87 7.880 <0.001
Platelet count (x10°/L) 337.04 + 75.16 241.57 + 24.56 14.886 <0.001
White blood cell count (x10°/L) 8.66 + 0.90 7.06 + 0.80 16.412 <0.001
LDH (U/L) 211.12 + 17.06 189.90 + 9.92 13.254 <0.001
CRP (mg/L) 1.14 £ 1.16 0.74 £0.74 3.621 <0.001
P-RBC complex (%) 2.76 £ 0.53 1.28 £ 0.37 28.388 <0.001

Abbreviations: MPN, Myeloproliferative neoplasm; LDH, Lactate dehydrogenase; CRP, C-reactive protein; P-RBC, Pro-phagocytic
platelet-erythrocyte complexes.
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Figure 1. Flow cytometric detection of circulating pro-phagocytic platelet-erythrocyte (P-RBC) complexes. Represen-
tative flow cytometry dot plots showing the gating strategy and P-RBC levels in healthy controls and MPN patients. A,
D. FSC-A vs. SSC-A dot plots illustrating the initial gating of peripheral blood mononuclear cells (PBMCs) from two in-
dependent experiments. B, E. CD41 vs. CD235a dot plots from healthy controls, showing low percentages of P-RBC
complexes (Q2). C, F. CD41 vs. CD235a dot plots from MPN patients, showing elevated P-RBC complexes. Quad-
rants: Q1, CD41*CD235a" (free platelets); Q2, CD41*CD235a* (P-RBC complexes); Q3, CD41CD235a* (red blood
cells); Q4, CD41CD235a (other events). Percentages indicate the relative frequency of events in each quadrant.
The color scale (blue to red) denotes increasing cell density. Abbreviations: P-RBC, Pro-phagocytic platelet-erythro-
cyte complexes; FSC-A, Forward scatter-area; SSC-A, Side scatter-area; PBMCs, Peripheral blood mononuclear cells;
CD44, Cluster of differentiation 41 (platelet marker); CD235a, Cluster of differentiation 235a (erythrocyte marker).

higher in the MPN group than in the control
group (P < 0.001). A representative flow cytom-
etry gating strategy and examples of P-RBC
complex detection are shown in Figure 1. After
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adjusting for age and sex using analysis of
covariance (ANCOVA), P-RBC levels remained
significantly higher in MPN patients than in
healthy controls (adjusted mean difference =
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Figure 2. Comparison of P-RBC complex levels between MPN patients and healthy controls. A. Boxplot comparison
of P-RBC levels between groups. B. Distribution histogram of P-RBC levels. Abbreviations: P-RBC, Pro-phagocytic
platelet-erythrocyte complexes; MPN, Myeloproliferative neoplasm.
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Figure 3. P-RBC complex levels across MPN subtypes. A. Boxplot comparison across PV, ET, and PMF subtypes;
Pairwise comparisons were performed using Mann-Whitney U test with Bonferroni correction for multiple testing.
Significance levels: ***P < 0.001; ns, not significant. B. Distribution of MPN subtypes. Data are presented as mean
+ SD in Table 2. Kruskal-Wallis test overall P < 0.001. Abbreviations: P-RBC, Pro-phagocytic platelet-erythrocyte com-
plexes; PV, Polycythemia vera; ET, Essential thrombocythemia; PMF, Primary myelofibrosis; SD, Standard deviation;
Kruskal-Wallis, Kruskal-Wallis test.

1.46%, 95% Cl: 1.35%-1.56%, P < 0.001; the distribution difference between the two
Supplementary Table 1). groups.

Comparison of P-RBC complex levels between Relationship between P-RBC complex levels
MPN patients and healthy controls and MPN subtypes

As shown in Figure 2, P-RBC complex levels As shown in Figure 3, P-RBC complex levels dif-
were significantly higher in MPN patients than fered significantly across MPN subtypes (P <
in healthy controls (P < 0.001). The box plot 0.001, Figure 3A). Figure 3B shows the case
(Figure 2A) and histogram (Figure 2B) illustrate number distribution of each subtype. Detailed
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Table 2. Clinical characteristics of MPN patients by subtype

MPN Subtype PV ET PMF F P-value
Number of Cases 59 61 32
Age (years) 61.32+ 714 60.44 + 7.34 60.94 + 8.53 0.205 0.814

Hemoglobin (g/L) 157.59 + 10.39

134.13 £9.04 144.37 £10.93  82.910 <0.001

Platelet count (x109/L) 277.70 £33.95 416.94 +39.82 294.15+33.56 248.221 <0.001
White blood cell count (x10°%/L) 8.61+0.88 8.37+0.72 9.28 £ 0.97 12.594  <0.001
LDH (U/L) 211.83+16.68 203.95+12.17 22350+18.72 16.754 <0.001
CRP (mg/L) 1.29+1.27 0.80 £ 0.87 1.50 + 1.26 5.030 0.008

P-RBC complex (%) 2.76 £ 0.44 2.49 £ 0.39 3.28 £ 0.52 34110 <0.001

Abbreviations: MPN, Myeloproliferative neoplasm; PV, Polycythemia vera; ET, Essential thrombocythemia; PMF, Primary myelofi-
brosis; LDH, Lactate dehydrogenase; CRP, C-reactive protein; P-RBC, Pro-phagocytic platelet-erythrocyte complexes.

clinical characteristics are provided in Table 2.
As summarized in Table 2, the three MPN sub-
types differed significantly in all laboratory
parameters except age. PV patients had the
highest hemoglobin levels, ET patients had the
highest platelet counts, and PMF patients
showed the highest levels of white blood cells,
LDH, CRP, and P-RBC complexes (all P < 0.01).
The significant differences among MPN sub-
types persisted after adjusting for age and sex
(ANCOVA overall F = 32.89, P < 0.001; Supple-
mentary Table 2). Pairwise comparisons with
Tukey’'s HSD adjustment confirmed that PMF
patients had significantly higher P-RBC levels
than PV and ET patients, and PV patients had
higher levels than ET patients (all adjusted P <

0.01; Supplementary Table 3).

Correlation analysis between P-RBC complex
levels and clinical indicators

As shown in Figure 4 and Table 3, P-RBC com-
plex levels were significantly positively correlat-
ed with hemoglobin (P < 0.001; Figure 4A). A
weak negative correlation was observed with
platelet count, but it did not reach statistical
significance (P = 0.098; Figure 4B). Notably,
P-RBC complex levels were significantly po-
sitively correlated with inflammatory indica-
tors: C-reactive protein (P < 0.001; Figure 4C)
and lactate dehydrogenase (P < 0.001; Figure
4D).

Relationship between P-RBC complex levels
and thrombotic events

As shown in Figure 5A, MPN patients who expe-
rienced thrombotic events had significantly
higher P-RBC complex levels than those with-
out (P =0.009). Figure 5B bar chart shows that
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the incidence of thrombotic events among MPN
patients was 13.8%. Multivariate logistic re-
gression analysis (Table 4) showed that after
adjusting for age, P-RBC complex level was an
independent risk factor for thrombotic events
(P = 0.012), while age was not significantly
associated (P = 0.967).

Relationship between P-RBC complex levels
and survival prognosis

As shown in Figure 6A, the high-P-RBC group
had a lower survival rate than the low-P-RBC
group. The mortality rates are shown in Figure
6B. However, the Log-rank test did not reach
statistical significance (P = 0.194).

Diagnostic value of P-RBC complexes for MPN

As shown in Figure 7A and Table 5, P-RBC com-
plexes exhibited excellent diagnostic value for
MPN (AUC = 0.990). The optimal threshold was
1.80%, with high sensitivity and specificity
(Figure 7B; Table 5).

Distribution of gene mutations in MPN patients
and their relationship with P-RBC complex
levels

The distribution of gene mutations is summa-
rized in Table 6, with JAK2 being the most com-
mon (76.3%). No significant differences in
P-RBC complex levels were observed among
patients with different gene mutation types
(Table 6).

Discussion

In this study, a retrospective cohort design was
used to systematically analyze the expression
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Figure 4. Correlation between P-RBC complex levels and clinical parameters in MPN patients. A. Correlation with
Hemoglobin. B. Correlation with Platelet count. C. Correlation with C-reactive protein. D. Correlation with Lactate
dehydrogenase. Abbreviations: P-RBC, Pro-phagocytic platelet-erythrocyte complexes; MPN, Myeloproliferative neo-

plasm.

Table 3. Correlation analysis results

Clinical parameter Correlation type Correlation coefficient P-value
Hemoglobin (g/L) Pearson 0.456*** <0.001
Platelet Count (x10°/L) Pearson -0.135 0.098

C-reactive Protein (mg/L) Spearman 0.291*** <0.001
Lactate Dehydrogenase (U/L) Spearman 0.736*** <0.001

***p<0.001. Abbreviations: P-RBC, Pro-phagocytic platelet-erythrocyte complexes; LDH, Lactate dehydrogenase; CRP, C-reactive

protein.

level and clinical significance of P-RBC com-
plexes in patients with MPNs. We found that
the peripheral blood level of P-RBC complexes
in MPN patients was significantly higher than
that in healthy controls, with significant differ-
ences among different MPN subtypes: the high-
est level was observed in PMF patients, fol-
lowed by PV patients, and the lowest in ET
patients. Further analysis showed that the
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P-RBC complex level was significantly positively
correlated with hemoglobin, C-reactive protein,
lactate dehydrogenase, independently associ-
ated with the risk of thrombotic events, and
had excellent diagnostic value for MPNs. These
findings provide a new perspective for under-
standing the pathophysiological mechanisms
of MPNs and offer potential biomarkers for the
diagnosis and risk stratification of MPNs.

Am J Transl Res 2026;18(8):6535-6549



P-RBC complexes in MPN progression

P-RBC Complex Levels by Thrombosis Status
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Figure 5. Association between P-RBC complex levels and thrombosis events in MPN patients. A. Comparison of
P-RBC levels by thrombosis status. B. Thrombosis event rates; **P < 0.001; Abbreviations: P-RBC, Pro-phagocytic
platelet-erythrocyte complexes; MPN, Myeloproliferative neoplasm.

Table 4. Thrombosis event analysis

Notably, there were significant

differences in P-RBC complex

Variable Value OR (95% ClI) P-value i

Patients without thrombosis 131 - levels amo”f-;” dlfferent. MPN

Patients with thrombosis 21 - ;subtlyr_)eslst;lth t'.thet hlg:_es;

Thrombosis rate 13.8% - evel in patents, W. 'c

P-RBC complex (per 1% increase) 3.07 (1.28-7.34) 0.012 may be related to the unique
piex(p ’ ) ) ) ’ pathological features of PMF.

Age (per year increase) 1.00 (0.94-1.06) 0.967

PMF is characterized by bone

Abbreviations: P-RBC, Pro-phagocytic platelet-erythrocyte complexes; OR, Odds ratio;

Cl, Confidence interval.

The present study demonstrated that the P-
RBC complex level was significantly elevated in
MPN patients, which is consistent with the in
vitro observations of Nurgat et al. [18], suggest-
ing enhanced platelet-red blood cell interaction
under the pathological conditions of MPNs. The
increased formation of P-RBC complexes may
result from several mechanisms: first, platelets
in MPN patients are in a continuously activated
state, with upregulated expression of surface
phosphatidylserine receptors (such as TIM-4),
which enhances their ability to recognize senes-
cent red blood cells [19]; second, accelerated
erythropoiesis in MPNs leads to an increased
proportion of senescent red blood cells with
more phosphatidylserine externalization on
their surface, providing more “substrate” for
the formation of P-RBC complexes [20]; in addi-
tion, elevated levels of inflammatory factors in
MPN patients, such as IL-6 and TNF-&, may pro-
mote the formation of P-RBC complexes by acti-
vating platelets and altering erythrocyte mem-
brane properties [21, 22].
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marrow fibrosis and extram-
edullary hematopoiesis, with
the most prominent inflamma-
tory response in the bone marrow microenvi-
ronment and significantly elevated levels of
cytokines such as transforming growth factor-
B (TGF-B) and fibroblast growth factor (FGF)
[23, 24]. These inflammatory factors not only
drive the fibrotic process but may also pro-
mote the formation of P-RBC complexes by
activating platelets and modifying erythrocy-
te membrane characteristics. Furthermore,
PMF patients are often accompanied by sple-
nomegaly, and the spleen, as the major organ
for senescent red blood cell clearance, may
exhibit dysfunctional clearance, leading to the
accumulation of P-RBC complexes in the cir-
culation [25, 26]. The intermediate level of
P-RBC complexes in PV patients may be attrib-
uted to their overactive erythropoiesis and
increased proportion of senescent red blood
cells, whereas ET patients show the lowest
level, possibly because their main pathological
changes lie in the megakaryocyte-platelet axis
with relatively normal erythrocyte count and
function.
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Kaplan-Meier Survival Curves by P-RBC Level
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This study found a significant positive correla-
tion between P-RBC complex level and hemo-
globin. At first glance, this appears counterin-
tuitive, as enhanced clearance of senescent
erythrocytes would be expected to lower hemo-
globin levels. Several explanations may account
for this observation. First, in MPN patients -
especially those with PV - the JAK2V617F muta-
tion drives erythropoietin-independent eryth-
roid hyperproliferation [27], which may over-
whelm the clearance capacity of the P-RBC-
macrophage axis, resulting in a net increase in
both hemoglobin and P-RBC complexes (i.e.,
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production exceeds clearance). Second, P-RBC
complexes may not act as efficient clearance
intermediates; instead, they could protect se-
nescent RBCs from immediate phagocytosis by
masking recognition signals or by competing
for macrophage receptors [17]. Third, both
hemoglobin and P-RBC levels may be indepen-
dently driven by common upstream factors
such as systemic inflammation (correlated with
CRP, r = 0.291) and cell turnover (correlated
with LDH, r = 0.736). Thus, the observed posi-
tive correlation does not necessarily imply a
direct causal relationship between P-RBC com-
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Table 5. Diagnostic performance metrics of P-RBC complex for
MPN

Metric Value
Area under ROC curve (AUC) 0.990
Optimal threshold 1.80%
Sensitivity 100.0%
Specificity 91.4%
Accuracy 95.7%
Precision 92.1%
F1-Score 95.9%

Threshold 1.0%
Threshold 1.5%

Sens = 100.0%, Spec = 20.4%, Acc = 60.2%
Sens = 100.0%, Spec = 73.0%, Acc = 86.5%
Threshold 2.0% Sens = 93.4%, Spec = 94.7%, Acc = 94.1%

Threshold 2.5% Sens = 68.4%, Spec = 100.0%, Acc = 84.2%

Abbreviations: P-RBC, Pro-phagocytic platelet-erythrocyte complexes; MPN, Myelo-
proliferative neoplasm; ROC, Receiver operating characteristic; AUC, Area under the
curve; Sens, Sensitivity; Spec, Specificity; Acc, Accuracy.

Table 6. Gene mutation distribution in MPN patients

Gene mutation ~ Number of cases  Percentage P-RBC complex (%)
JAK2 116 76.3% 2.76 £ 0.52
CALR 26 17.1% 2.80 + 0.53
Triple-Negative 5 3.3% 2.85+0.74
MPL 5 3.3% 2.58 + 0.65

that P-RBC complexes may be
involved in the pathogenesis
of MPN-associated thrombo-
sis.

However, it remains unclear
whether elevated P-RBC com-
plexes directly contribute to
thrombosis or merely repre-
sent an epiphenomenon of
overall MPN disease activity,
including enhanced inflamma-
tion and cell turnover [21, 22].
On one hand, the formation of
P-RBC complexes involves pla-
telet activation and aggrega-
tion. Activated platelets relea-
se various procoagulant sub-
stances (such as P-selectin,
CDA40L, and platelet factor 4)
that promote thrombosis [30].
Meanwhile, senescent red bl-
ood cells in P-RBC complexes
may expose phosphatidylser-
ine, providing a catalytic sur-
face for the assembly of coag-

Abbreviations: P-RBC, Pro-phagocytic platelet-erythrocyte complexes; JAK2, Janus
kinase 2; CALR, Calreticulin; MPL, Myeloproliferative leukemia virus oncogene.

plexes and hemoglobin. The significant positive
correlations of P-RBC complex level with CRP
and LDH suggest that it may reflect the inflam-
matory status and disease burden in MPN
patients. As a classic inflammatory marker,
elevated CRP indicates systemic inflammation;
LDH is closely related to the rate of cell turn-
over and tumor burden [28]. These results sup-
port the potential value of P-RBC complexes as
an indicator of disease activity in MPNs.

Thrombotic events are among the most com-
mon complications and leading causes of
death in MPN patients, with a complex patho-
genesis involving multiple processes including
erythrocytosis, platelet activation, leukocyte ac-
tivation, and endothelial dysfunction [29]. This
study found that MPN patients with thrombotic
events had significantly higher P-RBC complex
levels than those without thrombotic events.
Multivariate logistic regression analysis showed
that the P-RBC complex level was an indepen-
dent risk factor for thrombotic events (OR =
3.07, 95%Cl: 1.28-7.34). These results suggest
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ulation factor complexes and
further amplifying the coagu-
lation cascade [31, 32]. These
observations support a poten-
tial direct prothrombotic role. On the other
hand, the strong correlations of P-RBC levels
with CRP and LDH observed in this study sug-
gest that P-RBC elevation may simply reflect
systemic inflammation and disease burden,
rather than being a causal driver of thrombo-
sis.

To distinguish between these possibilities, fu-
ture in vitro functional studies - such as throm-
bin generation assays using isolated P-RBC
complexes or perfusion chamber experiments
under flow conditions - are needed to deter-
mine whether P-RBC complexes directly pro-
mote coagulation independent of underlying
disease activity. Therefore, monitoring the P-
RBC complex level may help identify MPN
patients at high thrombotic risk and guide indi-
vidualized decisions on anticoagulant and anti-
platelet therapy.

In the survival analysis, although the mortality
rate was higher in the high P-RBC group than in
the low P-RBC group (13.0% vs. 6.7%), the Log-
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rank test did not reach statistical significance
(P =0.194). This negative result may be related
to the following factors: first, the follow-up dura-
tion of this study was relatively short (median
36 months). As a relatively indolent hematolog-
ic neoplasm, MPN has a low incidence of sur-
vival endpoints, and a longer follow-up period
and larger sample size are required to detect
differences between groups; second, the sur-
vival prognosis of MPN patients is affected by
multiple factors, including age, type of gene
mutation, and treatment response. Stratifica-
tion based solely on P-RBC level may not be
sufficient to fully distinguish patients with dif-
ferent prognoses [33]; in addition, this study
was a retrospective design, which may have
selection bias and information bias. Therefore,
the predictive value of P-RBC complexes for the
long-term prognosis of MPN patients needs to
be further verified by prospective, multicenter,
large-sample studies.

The present study found that P-RBC complexes
had excellent diagnostic value for MPN, with an
AUC of 0.990. At the optimal cutoff value of
1.80%, the sensitivity and specificity reached
100.0% and 91.4%, respectively. These results
suggest that P-RBC complexes may serve as a
novel biomarker for the screening and diagno-
sis of MPN, especially for differentiating MPN
from reactive cytosis. Compared with tradition-
al MPN diagnostic markers, P-RBC complexes
have the following advantages: first, the detec-
tion method is relatively simple, based on flow
cytometry, and can be routinely performed in
clinical laboratories; second, the level of P-RBC
complexes is not affected by the status of driv-
er gene mutations such as JAK2 and CALR, and
may be suitable for the diagnosis of triple-neg-
ative MPN patients; in addition, the level of
P-RBC complexes is associated with disease
activity and complication risk, possessing dual
value for both diagnosis and prognosis evalua-
tion [34, 35]. However, the specificity and posi-
tive predictive value of P-RBC complexes as a
single diagnostic marker need to be verified in
a larger prospective cohort, and diagnostic
models should be established in combination
with other clinical and laboratory indicators.

This study has the following limitations: first, as
a single-center retrospective study, the sample
size was relatively limited, and there may be
selection bias; second, the detection of P-RBC
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complexes was based only on a single time
point, and dynamic changes with disease pro-
gression and treatment response were not
observed; third, the molecular mechanisms
underlying the formation and clearance of
P-RBC complexes, such as platelet activation
status and changes in erythrocyte membrane
molecule expression, were not systematically
analyzed; fourth, although confounding factors
such as age and gender were adjusted, unmea-
sured confounders may still affect the results;
fifth, the number of events in the survival analy-
sis was small, leading to insufficient statistical
power and possible false-negative results;
sixth, JAK2 V617F allele burden data were not
available for all patients due to the retrospec-
tive nature of this study, precluding analysis of
its correlation with P-RBC complex levels.
Future prospective studies should investigate
whether allele burden quantitatively influences
P-RBC formation.

Future research directions should include: con-
ducting prospective, multicenter cohort studies
to verify the value of P-RBC complexes in the
diagnosis and prognosis evaluation of MPN;
dynamically monitoring the level of P-RBC com-
plexes to explore their relationship with disease
progression and treatment response; further
investigating the molecular mechanisms of
P-RBC complex formation and clearance, and
identifying key regulatory molecules and signal-
ing pathways; exploring intervention strategies
targeting the P-RBC complex formation path-
way and evaluating their potential value in the
treatment of MPN.

Conclusion

This study demonstrates that the peripheral
blood level of P-RBC complexes is significantly
elevated in patients with MPNs, with differenc-
es among various MPN subtypes: the highest
level is found in PMF patients, followed by PV
patients, and the lowest in ET patients. The
level of P-RBC complexes is significantly posi-
tively correlated with hemoglobin, C-reactive
protein, and lactate dehydrogenase, reflecting
its close association with disease activity and
inflammatory status in MPNs. The level of
P-RBC complexes is an independent risk factor
for thrombotic events in MPN patients, and
monitoring its level is helpful for identifying
patients at high thrombotic risk. P-RBC com-
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plexes exhibit excellent diagnostic value for
MPNs, with an AUC of 0.990. At the optimal cut-
off value of 1.80%, the sensitivity and specific-
ity reach 100.0% and 91.4%, respectively.
P-RBC complexes are expected to serve as
novel biomarkers for the diagnosis and risk
stratification of MPNs, providing new insights
and strategies for the precise diagnosis and
treatment of MPNs. Further prospective stud-
ies are needed to verify their clinical applica-
tion value, and to explore the molecular mecha-
nisms underlying their formation and regula-
tion.
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Supplementary Table 1. Analysis of covariance (ANCOVA) for P-RBC complex levels between MPN
patients and healthy controls, adjusted for age and sex

Comparison Adjusted mean difference (MPN - Control) 95% ClI P-value

MPN patients vs. healthy controls 1.46% (1.35%, 1.56%) < 0.001

Note: ANCOVA model included group (MPN/control) as fixed factor, with age and sex (male/female) as covariates. Adjusted mean
difference represents the estimated difference in P-RBC levels after controlling for age and sex. Abbreviations: P-RBC, Pro-phago-
cytic platelet-erythrocyte complexes; MPN, Myeloproliferative neoplasm; ANCOVA, Analysis of covariance; Cl, Confidence interval.

Supplementary Table 2. Analysis of covariance (ANCOVA) for P-RBC complex levels among MPN sub-
types, adjusted for age and sex

Source of variation Sum of squares df F P-value
MPN subtype (PV, ET, PMF) 12.507 2 32.885 <0.001
Age 0.034 1 0.178 0.674
Sex (male vs. female) 0.703 1 3.696 0.056
Residual 27.953 147 - -

Note: ANCOVA model included MPN subtype as fixed factor, with age and sex as covariates. Overall model significance: F = 18.64,
P < 0.001 (not shown in table, calculated from total sum of squares). Abbreviations: P-RBC, Pro-phagocytic platelet-erythrocyte
complexes; MPN, Myeloproliferative neoplasm; PV, Polycythemia vera; ET, Essential thrombocythemia; PMF, Primary myelofibro-
sis; ANCOVA, Analysis of covariance.

Supplementary Table 3. Pairwise comparisons of P-RBC complex levels among MPN subtypes
(Tukey’s HSD test after ANCOVA)

Comparison (groupl vs. group2) Adjusted mean difference 95% Cl Adjusted P-value*
ET vs. PMF 0.791% (0.564, 1.018) <0.001

ET vs. PV 0.276% (0.087, 0.466) 0.002

PMF vs. PV -0.515% (-0.743, -0.287) <0.001

*Adjusted using Tukey’s HSD method for multiple comparisons. Interpretation: PMF patients have significantly higher P-RBC
levels than both PV and ET patients (P < 0.001). PV patients have significantly higher P-RBC levels than ET patients (P = 0.002).
Abbreviations: P-RBC, Pro-phagocytic platelet-erythrocyte complexes; MPN, Myeloproliferative neoplasm; PV, Polycythemia vera;
ET, Essential thrombocythemia; PMF, Primary myelofibrosis; HSD, Honest significant difference; ANCOVA, Analysis of covariance;
Cl, Confidence interval.



