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Editorial on the Research Topic
 Rising stars in hematology: 2022




Recognizing the future leaders of Hematology is fundamental to safeguarding tomorrow's driving force in innovation. Indeed, early career researchers have faced a significant and potential “long” impact from the pandemic (1, 2).

Therefore, this Research Topic aimed to showcase the high-quality work of internationally recognized researchers in the early stages of their careers. We highlighted research by leading scientists of the future across the entire breadth of Hematology, and present advances in theory, experiment and methodology with applications to compelling problems. Contributions to the Research Topic were by invitation only. All Rising Star researchers were suggested by established Editors within the Frontiers board in recognition of their influence on the future directions in their respective fields.

All articles submitted to us for this Research Topic underwent a rigorous peer review process. Ultimately, 11 articles were published.

(i) An interesting case report in hematology was presented by analysis of a heterozygous somatic BLNK mutation associated with T-cell LGL (large granular lymphocyte) leukemia and autoimmune diseases. Fouquet et al. highlighted the link between genotype and the unusual clinical phenotype.

(ii) Application of metagenomic next-generation sequencing (NGS) in the diagnosis of visceral leishmaniasis and its treatment evaluation was presented by a case report. Liang et al. indicated the feasibility of the NGS approach and the evaluation of its therapeutic effect.

(iii) A review article presented an update on emerging treatment strategies in rare anemias. Fattizzo and Motta covered a broad spectrum of novel and exciting treatment options in rare congenital and acquired anemias.

(iv) An original article reported an intelligent detection method for plasmodium based on self-supervised learning and attention mechanism. Fu et al. presented an artificial intelligence method of excellent performance for the diagnosis and potentially automatic detection of malaria in the future.

(v) A review article on immune thrombotic thrombocytopenic purpura (iTTP) provided up-to-date knowledge on long-term outcomes and survivorship. Selvakumar et al. focused on epidemiology and potential mechanisms for adverse long-term sequelae of iTTP, best practices in survivorship care, and presented a research agenda for the future.

(vi) A mini review article discussed activation of APC-EPCR-PAR1 axis in sickle cell disease (SCD). Ramadas and Sparkenbaugh reported novel insights into the activation of PAR1 by APC and thrombin, the APC-EPCR-PAR1 axis, and their potential roles in SCD.

(vii) A review article focused on total marrow irradiation in hematopoietic stem cell transplantation for hematologic malignancies. Kerbauy et al. reviewed literatures on applying these novel techniques in autologous and allogeneic transplantation across different clinical entities.

(viii) A study protocol article presented the phase I/II trial of induced HLA-G+ regulatory T cells in patients undergoing allogeneic hematopoietic cell transplantation from an HLA-matched sibling donor. Lysandrou et al. described the study rationale and design, including patient screening, product manufacturing, infusion, and participant follow-up to data collection, management, and analysis.

(ix) A brief research report article highlighted “waitlist mortality” for myeloma patients with limited access to BCMA therapy. Ahmed et al. reported that many patients who were eligible for ide-cel were not able to secure a timely slot, with high mortality rates as a result.

(x) A mini review article explained the interactions of the fibrinolytic and innate immune systems. Whyte has introduced readers into the world of “thromboinflammation” or “immunothrombosis”.

(xi) A review article delineated promises and challenges of a decentralized CAR T-cell manufacturing model. Shah et al. provided in-depth knowledge of the concept of point-of-care (POC) manufacturing or decentralized in-house production.

Considering the multi-thematic character of this Research Topic, our hope is to inspire researchers and physicians to continue their explorations into novel advances in Hematology.
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We present the case of a female patient with a heterozygous somatic BLNK mutation, a T-cell LGL (large granular lymphocyte) leukemia, and multiple autoimmune diseases. Although this mutation seems uncommon especially in this kind of clinical observation, it could represent a new mechanism for autoimmune diseases associated with LGL leukemia. The patient developed several autoimmune diseases: pure red blood cell apalsia, thyroiditis, oophoritis, and alopecia areata. She also presented a T-cell LGL leukemia which required treatment with corticosteroids and cyclophosphamide, with good efficacy. Interestingly, she had no notable infectious history. The erythroblastopenia also resolved, the alopecia evolves by flare-ups, and the patient is still under hormonal supplementation for thyroiditis and oophoritis. We wanted to try to understand the unusual clinical picture presented by this patient. We therefore performed whole-genome sequencing, identifying a heterozygous somatic BLNK mutation. Her total gamma globulin level was slightly decreased. Regarding the lymphocyte subpopulations, she presented a B-cell deficiency with increased autoreactive B-cells and a CD4+ and Treg deficiency. This B-cell deficiency persisted after complete remission of erythroblastopenia and LGL leukemia. We propose that the persistent B-cell deficiency linked to the BLNK mutation can explain her clinical phenotype.

KEYWORDS
  B-cell linker, large granular lymphocyte leukemia, autoimmune diseases, regulatory B-cells, regulatory T-cells (T reg), case report


Introduction

Large granular lymphocyte leukemia is a rare chronic mature lymphoproliferative disorder of either T-cell or NK lineage characterized by a clonal expansion of LGLs-resistant to activation-induced cell death. The exact initiation process of LGL leukemia is still unknown; however, the involvement of autoimmune and inflammatory processes in the pathology is generally accepted. LGL leukemia can indeed be associated with various autoimmune diseases—primarily rheumatoid arthritis, autoimmune thyroiditis, or lupus erythematosus (1). In these cases, LGL leukemia can be seen as a consequence of the autoimmune disease or as a secondary lymphoproliferative disease.

STAT3 mutations are the most common mutations to date in LGL leukemia and can be found in 30–40% of cases (2). More recently, many mutations have been described in this rare disease, especially affecting the JAK/STAT pathway such as mutations in STAT5b (3–6). However, LGL leukemia remains a clinically and genetically heterogeneous disease, and genomic analysis could allow a better understanding of the molecular mechanisms of the LGL leukemia and of the associated autoimmune diseases, and the identification of new treatments.



Patient information

The patient was born on 1974. She was diagnosed with ovarian failure with early menopause revealing autoimmune oophoritis in 1990 (16 years old), for which she receives hormone replacement. She presented alopecia areata in the following years, treated by topical corticosteroids. She was then treated in hematology as described below, for autoimmune pure red cell aplasia and LGL leukemia in 2011 (37 years old). In 2015, she developed hypothyroidism linked to Hashimoto's thyroiditis (41 years old), treated by hormone replacement.

She had no relevant infectious history. She has no other significant medical nor psychosocial history.

There is no particular pathology in her family, nor consanguinity.



Clinical findings

The patient first consulted in hematology at 37 years old. She presented with anemia (hemoglobin 8.3 g/dL) and neutropenia (neutrophils 0.7 G/L).

The blood smear showed circulating large granular lymphocytes, and immunophenotyping and molecular biology confirmed T-cell LGL leukemia. Bone marrow analysis revealed pure red blood cell aplasia (PRCA).



Timeline

Timeline of the clinical case is presented Figure 1.


[image: Figure 1]
FIGURE 1
 Timeline of the clinical case.




Diagnostic assessment


Immunophenotyping and protein electrophoresis

The blood count revealed a total lymphocyte count of 1,400/mm3. The blood smear showed large granular T-cells. At diagnosis, immunophenotyping confirmed an excess of large granular T-cells (700/mm3), along with B-cell lymphopenia (CD19+ cells: 24/mm3; normal range: 169–271), and a moderate decrease in CD4+ T-cells (CD4+ cells: 387/mm3; normal range: 460–1,232). The LGL T-cells were CD2+, CD3+, CD5low, CD7low, CD4-, CD8+, CD57+, CD16+, CD56-, CD62L-. Clonality assessment found a restricted expression of Vb3.1, and molecular biology confirmed monoclonality.

Her total gamma globulin level was 6.9 g/L (normal range: 8–13.5), IgG 4.8 g/L (normal range: 6.65–12.78), IgA 1.6 g/L (normal range: 0.7–3.45), and IgM 0.4 g/L (normal range: 0.5–2.09).



Immunophenotyping of B-cell and T-cell subpopulations

Of note, these B- and T-cell analyses were performed while the patient was in complete remission of PRCA and LGL leukemia, without any immunosuppressive therapy.

Analysis of B-cell and T-cell subpopulations revealed persistent and profound B-cell lymphopenia with conserved distribution of various B-cell subpopulations (memory, transitional, and naive B-cells), along with an increased proportion of CD27−CD21low B-cells, previously described as autoreactive B-cells (7). Breg analyses showed a reduction in CD19+CD24hiCD38hi cells but no significant drop in other Breg populations (i.e., IL10 producing B-cells, CD24hiCD27+ (B10) and CD27intCD38hi plasmablasts) (8). T-cell population analyses only showed a moderate CD4+ and Treg deficiency (Figure 2).


[image: Figure 2]
FIGURE 2
 Flow cytometry analyses of B-cell and T-cell subpopulations. The dotted lines represent the normal range of the laboratory: CD19+ B lymphocytes 169–271/mm3; CD3+ T lymphocytes 807–1844/mm3; CD4+ T lymphocytes 460–1232/mm3; CD8+ T lymphocytes 187–844/mm3.


Unfortunately, the patient's B-cell lymphopenia made functional exploration of the B-cell and T-cell populations inconclusive.

Flow cytometry gating strategies are presented in Supplementary Figure 1.



Whole genome sequencing

This unusual association of multiple autoimmune diseases prompted us to perform whole-exome sequencing (WES) for this patient in order to search for any predisposing mutation. WES was performed on a blood sample, while the patient still presented circulating T LGL clonal cells. Analysis revealed the presence of a heterozygous nonsense mutation in the BLNK gene (c.1,102 C>T, p.Q368*, 47%) that yielded a premature STOP codon. The mutation was located in the BLNK C-terminal SH2 domain, which allows recruitment of BLNK to the BCR complex through its interaction with BTK.

No STAT3 mutation was found, neither by WES nor using targeted sequencing. No mutation was found in the JAK/STAT pathway by WES.

To understand the development of LGL leukemia in this patient, we performed comparative exome analysis of sorted T-cells (CD3+) and B-cells (CD19+). However, no mutation other than BLNK that could explain a proliferative advantage was found in T-cells. This could suggest that the T-LGL proliferation, even clonal, was reactive in this autoimmune context.

WES was also performed on a blood sample of the patient's mother: no BLNK mutation was found.



BLNK-targeted sequencing

Targeted BLNK sequencing on sorted medullary populations—T-cells (CD3+), B-cells (CD19+), monocytes (CD14+), and others (CD3− CD19− CD14−)—revealed the same heterozygous BLNK mutation in all cell groups.

The mutation was not found by targeted BLNK sequencing on the patient's saliva, demonstrating that it is a somatic and not a germline mutation. These findings are in accordance with a somatic mosaicism, the BLNK mutation presumably having occurred during the embryonic, fetal, or postnatal period. Such a mechanism has already been described in the context of lymphoproliferative autoimmune syndromes (9).

In line with this hypothesis, the heterozygous BLNK mutation was still present in sorted peripheral blood mononuclear cells—T-cells (CD3+) and others (CD3-)—after complete remission of the LGL leukemia (Figure 3).


[image: Figure 3]
FIGURE 3
 Heterozygous C > T BLNK mutation revealed by Sanger sequencing of BLNK in (A) whole blood at diagnosis, and in (B) T-cells and (C) non–T-cell PBMCs at remission.




BLNK-targeted sequencing in patients with similar clinical manifestations

In order to investigate whether this acquired BLNK mutation could be present in other patients, we performed targeted sequencing of BLNK on 14 patients presenting similar clinical features: clonal LGL and autoimmune disease(s). Characteristics of patients are presented in Table 1. DNA samples were available from the Hôpital Universitaire Necker-Enfants Malades LGL leukemia cohort and a computerized database (Dr Warehouse; N. Garcelon) (10). No BLNK mutation was found in this 14 patients cohort.


TABLE 1 Characteristics of patients with BLNK-targeted sequencing.

[image: Table 1]

To note, no BLNK mutation was found in a PRCA cohort at Imagine Institute (data not shown).




Therapeutic intervention

The patient was treated for PRCA and LGL leukemia: she received corticosteroids at a dose of 1 mg/kg/day for 4 weeks for PRCA, before gradual decrease over 4 additional weeks. As the LGL leukemia was associated with neutropenia and an auto-immune disease, the patient also received, at the same time, cyclophosphamide (100 mg/day orally) over 6 months.

This treatment resulted in a rapid complete remission of PRCA and concomitant disappearance of the LGL clone in < 6 months.



Follow-up and outcomes

The patient is still in complete remission of PRCA and LGL leukemia.

Her alopecia improved after dermatologic treatment including topical corticosteroids, but evolves by flare-ups.

She is still receiving hormone replacement for her thyroiditis and oophoritis. She had a miscarriage but then gave birth to twins after receiving an oocyte donation. She and her children were doing well at the last follow-up.



Discussion

BLNK is an adaptor protein expressed in B-cells and macrophages that plays a major role in BCR signaling. Mutations affecting the pre-BCR signaling pathway result in severe B-cell differentiation blockades at the pre-B1 to pre-B2 cell transition, leading to primary B-cell immunodeficiencies characterized by the total or near-total absence of circulating B-cells, severe hypo- or agammaglobulinemia, and recurrent bacterial infections (11). BLNK KO mice display stymied pre-B-cell development and reduced numbers of mature B-cells, in addition to autoimmune diseases associated with lower B-cell and Treg percentages (12).

In humans, the function of BLNK in B-cells seems non-redundant (13). A few cases of homozygous BLNK mutations have been described, all leading to near-total absence of circulating B-cells and severe hypo- or agammaglobulinemia (11, 13–16). A dysfunction of BLNK has also been associated with autoimmune diseases, such as multiple sclerosis (17, 18), or rheumatoid arthritis which is known to be associated with LGL leukemia (19).

As far as we know, this is the first report about a symptomatic heterozygous BLNK mutation. Our patient presented an association of multiple autoimmune disorders, whose pathogenic mechanism is not fully understood but seems to involve B-cells—as is usually the case in other idiopathic autoimmune conditions and BLNK KO mice.

Her mutation leads to a premature STOP codon and is located in the BLNK C-terminal SH2 domain, which allows recruitment of BLNK to the BCR complex through its interaction with BTK. These data imply that the mutation necessarily impacts BLNK function. Unfortunately, the patient presented with a profound B-cell lymphopenia which made our functional assays inconclusive, but is consistent with a BLNK defect leading to an altered B lymphopoiesis. In proportion, all populations were preserved including Bregs, but there was a relative increase in autoreactive B-cells. As described elsewhere, an alteration of BLNK could lead to a dysregulation of B-cells with activation and selection of autoreactive B clones responsible for autoimmune manifestations (20). As her mutation appears to be somatic but is not expected to give a proliferative advantage, we believe that it may have occurred early in development. Since the BLNK alteration involves the pre-B stage, there could be a negative selection defect either centrally, leading to an enrichment of autoreactive B-cells, or peripherally with abnormal B-cells surviving in the periphery by escaping the GC cycle. However, further work is needed to resolve this very interesting issue.

She also presented with T-LGL, which might be reactive to the autoimmune diseases and chronic excess of cytokines production (such as IL-15) since BLNK is not expressed in T-cells. Alternatively, we cannot rule out that invalidated BLNK B-cells may interact with T-cells and induce their proliferation. In agreement with this hypothesis, it has recently been demonstrated that the anti-CD20 monoclonal antibody rituximab, a specific anti–B-cell drug, is somewhat effective in T-LGL associated with rheumatoid arthritis (21).

In conclusion, here we have presented the case of a female patient with a heterozygous somatic BLNK mutation, T-LGL, and multiple autoimmune diseases, and we propose that persistent B-cell deficiency linked to the BLNK mutation primarily explains her clinical phenotype.



Patient perspective and informed consent

The treatment for PRCA and LGL leukemia was well tolerated. The patient is doing well today. The most painful problem for her was her ovarian failure, but she was very happy to give birth to two children thanks to an oocyte donation.

She gave informed consent for all analyses performed and for this manuscript, and repeatedly mentioned her enthusiasm for helping research.
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Therapeutic options for rare congenital (hemoglobinopathies, membrane and enzyme defects, congenital dyserythropoietic anemia) and acquired anemias [warm autoimmune hemolytic anemia (wAIHA), cold agglutinin disease CAD, paroxysmal nocturnal hemoglobinuria (PNH), and aplastic anemia (AA)] are rapidly expanding. The use of luspatercept, mitapivat and etavopivat in beta-thalassemia and pyruvate kinase deficiency (PKD) improves transfusion dependence, alleviating iron overload and long-term complications. Voxelotor, mitapivat, and etavopivat reduce vaso-occlusive crises in sickle cell disease (SCD). Gene therapy represents a fascinating approach, although patient selection, the toxicity of the conditioning regimens, and the possible long-term safety are still open issues. For acquired forms, wAIHA and CAD will soon benefit from targeted therapies beyond rituximab, including B-cell/plasma cell targeting agents (parsaclisib, rilzabrutinib, and isatuximab for wAIHA), complement inhibitors (pegcetacoplan and sutimlimab for CAD, ANX005 for wAIHA with complement activation), and inhibitors of extravascular hemolysis in the reticuloendothelial system (fostamatinib and FcRn inhibitors in wAIHA). PNH treatment is moving from the intravenous anti-C5 eculizumab to its long-term analog ravulizumab, and to subcutaneous and oral proximal inhibitors (anti-C3 pegcetacoplan, factor D and factor B inhibitors danicopan and iptacopan). These drugs have the potential to improve patient convenience and ameliorate residual anemia, although patient compliance becomes pivotal, and long-term safety requires further investigation. Finally, the addition of eltrombopag significantly ameliorated AA outcomes, and data regarding the alternative agent romiplostim are emerging. The accelerated evolution of treatment strategies will need further effort to identify the best candidate for each treatment in the precision medicine era.
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1. Introduction

Rare anemias encompass several nosological entities, including inherited and acquired forms, which may present at various ages and with heterogeneous features. The former includes congenital defects of the number and structure of globin genes, as in alpha- and beta-thalassemia and sickle cell disease (SCD), as well as alterations of erythrocyte membrane or enzymes, as in congenital hemolytic anemias (CHAs). Acquired forms include immune-mediated destruction of erythrocytes [i.e., autoimmune hemolytic anemias (AIHAs)] or bone marrow precursors [i.e., aplastic anemia (AA)], and the very rare paroxysmal nocturnal hemoglobinuria (PNH). The rarity of these entities, along with the several clinical/laboratory overlaps, results in frequent misdiagnosis and delays in proper treatment. For ages, therapy of rare anemias has mainly relied on transfusion support for congenital forms and PNH, and traditional immunosuppressive treatments for acquired ones. In the last decade, a deeper understanding of physiopathology, particularly regarding the underlying molecular mechanisms, led to the development of several targeting agents. The rise of a new era of personalized medicine for rare anemia is ongoing, moving from supportive treatment to disease-modifying agents and the advent of gene therapy. This review will provide a snapshot of novel therapies for rare anemias to highlight the most recent advances in the field.



2. Congenital anemias


2.1. Update on hemoglobinopathies

Hemoglobinopathies, including thalassemia and SCD, are the most common monogenic diseases worldwide (1). Although conventional supportive treatment, including transfusion programs and iron chelation therapy, has been highly optimized, these strategies still encounter significant limitations leading to morbidity and mortality. New treatment approaches and novel therapies have been proposed (Table 1), some of which have the potential to change the natural history of the disorders. Although thalassemia and SCD carry a hemoglobin (Hb) chain defect, they have different pathophysiology and clinical complications (2, 3). Emerging therapies for beta-thalassemia aim to target α/β chain imbalance, ineffective erythropoiesis, and iron dysregulation and overload. In SCD the main targets are reducing the amount of Hb S (HbS), preventing red cell dehydration or sickling, endothelial adhesion, and oxidative stress (4) (Figure 1).


TABLE 1    Novel drugs in patients with rare congenital anemias.
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FIGURE 1
Novel drugs for rare congenital anemias and their targets. Colored squares represent the different conditions that may benefit of the various compounds under investigation. PK pyruvate kinase; CDAII congenital dyserythropoietic anemia type II; SCD sickle cell anemia; HSCT, hematopoietic stem cell transplant; PK, pyruvate kinase; FPN, ferroportin.



2.1.1. Thalassemias

Luspatercept is the first-in-class erythroid maturation agent approved by the Food and Drug Administration (FDA) and European Medicine Agency (EMA) for transfusion-dependent thalassemia (TDT). Luspatercept is a recombinant fusion protein that binds ligands of the transforming growth factor beta (TGF-β) superfamily, thus inhibiting SMAD2/3 signaling and promoting late-stage erythropoiesis. The phase III BELIEVE trial showed that a significantly greater percentage of patients receiving luspatercept achieved the primary endpoint of a ≥33% reduction in transfusion burden from baseline during weeks 13–24, with a reduction of ≥2 RBC units compared with placebo (5). Data from the 5-year open-label extension phase (NCT04064060), which is currently ongoing, showed that 125 patients (55.8%) completed 144 weeks of treatment with luspatercept (6). The main reasons for treatment discontinuation were patient withdrawal (23.7% luspatercept vs. 11.6% placebo) and adverse events (10.3 vs. 1.8%), which included headache, arthralgia, bone pain, dizziness, nausea, hypertension, jaw pain, and hyperuricemia. More than 75% of patients had a reduction in transfusion burden ≥33%, and 50% had a reduction ≥50%. The transfusion window for ≥50% responders increased by 9.88 days, with 12.1% of patients achieving transfusion independence ≥8 weeks (placebo 1.8%, P = 0.0015). Long-term luspatercept treatment resulted in a decreasing trend in liver iron concentration compared with baseline. No new safety concerns were reported, and the occurrence of treatment-emergent adverse events of special interest was comparable with previous reports (7). Recently, the results of the BEYOND trial of luspatercept in NTDT have been published, showing that 77% of 96 patients in the luspatercept group and none in the placebo group had an increase of at least 1⋅0 g/dL of Hb. Mitapivat, initially investigated in pyruvate kinase deficiency (PKD) (see dedicated paragraph) is currently under evaluation also in alpha and beta non-transfusion-dependent thalassemia (NTDT) (NCT03692052) (8). Sixteen out of twenty (80%) patients showed an increase in Hb ≥ 1.0 g/dL, along with improvements in markers of hemolysis and ineffective erythropoiesis. Long-term data on 17 patients with a median duration of treatment of 70.9 weeks showed that Hb improvements achieved in the core period were sustained as well as improvement of markers of hemolysis and ineffective erythropoiesis. The safety profile was consistent with that observed in the core period. Headache and back pain were reported in ≥15% of patients; however, none were grade ≥3 (8). Molecules targeting iron metabolism include ferroportin inhibitor vamifeport (VIT-2763) and those up-regulating hepatic hepcidin production through inhibition of transmembrane serine protease 6 (TMPRSS6). Vamifeport improved anemia and erythropoiesis in a mouse model of β-thalassemia (9). A phase IIa double-blind, randomized, placebo-controlled study with the primary endpoint of assessing the safety and tolerability of vamifeport compared to placebo in NTDT patients ł12 years has been completed, but the results have not been published yet (NCT04364269). Antisense oligonucleotides that inhibit TMPRSS6 have shown promising results in β-thalassemia mouse models by reducing the iron burden and improving ineffective erythropoiesis (10), and a clinical trials with sapablursen is currently ongoing (NCT04059406).



2.1.2. Sickle cell disease

For many years hydroxyurea has been the only pharmacological option for SCD patients, while more recently, a significant acceleration in potential treatment approaches has been observed. Indeed, EMA and FDA have recently approved two new compounds: voxelotor and crizanlizumab. Voxelotor is a Hb modulator with a good safety profile, which inhibits the polymerization of HbS stabilizing the hemoglobin in the oxygenated status. In the phase 3 trial, a significant increase in Hb levels and a decrease in markers of hemolysis were observed. However, no significant reduction in vaso occlusive crises (VOCs) was demonstrated (11). Crizanlizumab is a monoclonal antibody against P-selectin, an adhesion factor expressed by endothelium cells involved in the formation of aggregates between platelets and leukocytes, thus contributing to vessels occlusion in the microcirculation. Crizanlizumab reduced the rate of SCD–related pain crises compared to placebo, with a reduction of the annual rate of crises of 45.3% in the high-dose group (5 mg/kg). In the low-dose crizanlizumab group (2.5 mg/kg) a reduction of 32.6% compared with placebo was observed, although not statistically significant (12). Adverse events observed in at least 10% of patients in the crizanlizumab group were headache, back pain, nausea, arthralgia, pain in upper and lower limbs, urinary tract and upper respiratory infections, pyrexia, diarrhea, musculoskeletal pain, pruritus, vomiting, and chest pain. Interestingly, mitapivat is also under investigation in these patients (NCT05031780). The drug was generally well tolerated, a reduction of VOCs was observed, together with an increase in Hb levels and a decrease in markers of hemolysis (13). Etavopivat, another selective activator of erythrocyte pyruvate kinase (PKR), increases PKR activity, resulting in decreased 2,3-DPG and increased ATP. Data from the Phase 1 study (NCT03815695) showed that etavopivat 400 mg once daily was generally well tolerated. Another molecule approved only by FDA for patients older than 5 years is L-glutamine, an amino acid used by the enzyme NAD + synthetase to produce NAD + from NADH, an essential cofactor in redox reactions whose requirement is increased in SCD. A phase 3 trial showed a significant reduction in VOCs and hospital visits in children and adults treated with L-glutamine compared to placebo (14). EMA did not approve the drug for efficacy concerns.



2.1.3. Gene therapy for beta-thalassemia and sickle cell disease

Allogeneic hematopoietic stem cell transplantation (HSCT) has been the only curative option for hemoglobinopathies for decades. Meanwhile, gene therapy and gene editing trials have been developed, leading to the approval in 2019 by EMA and in 2022 by FDA of the first additive gene therapy product betibeglogene autotemcel (LentiGlobin BB305) for TDT patients non-beta0/beta0. However, in March 2022, the European Commission withdrew the marketing authorization for betibeglogene autotemcel in the European Union as requested by the marketing authorization holder (bluebird bio) for commercial reasons. The same product is under investigation in SCD, with more than 30 patients treated, showing promising results (15). Of note, in 2021 a temporary suspension of the clinical trials and EMA license was announced because of a case of acute myeloid leukemia in a SCD patient treated with LentiGlobin BB305, which afterward was demonstrated as not associated with the vector (16). A gene-editing strategy that aims to reactivate HbF inhibiting BCL11A is CTX001, a CRISPR/Cas9-modified autologous HSCT product currently investigated in both TDT and SCD (17). Updated efficacy and safety data have been reported for the first 75 patients in the CLIMB THAL-111 (NCT03655678) and CLIMB SCD-121 (NCT03745287) trials, with a median follow-up of 12.3 and 9.6 months, respectively. CTX001 infusion led to the independence from transfusions in almost all patients with TDT (42/44 patients), with a sustained increase in HbF and thereby of total Hb levels (mean of >9 g/dL). All SCD patients (n = 31) no longer presented severe VOCs after CTX001 infusion with a mean HbF increase of ∼40% at month 4 and attainment of mean Hb levels >11 g/dL (18).




2.2. Update on congenital hemolytic anemias

Congenital hemolytic anemias are characterized by reduced lifespan and early destruction of erythrocytes. They encompass defects of the erythrocyte membrane proteins (hereditary spherocytosis, HS, hereditary elliptocytosis, HE, and hereditary stomatocytosis, Hst) and red cell enzymes metabolism (glucose-6-phosphate dehydrogenase, G6PD, and pyruvate kinase, PK), as well as alterations of erythrocyte precursors, resulting in defective erythropoiesis (congenital dyserythropoietic anemia, CDA) (19). Current management of CHAs mainly relies on transfusions, iron chelation, and splenectomy. The latter is highly effective in HS, less in PKD and CDA, and contraindicated in Hst due to the increased thrombotic risk. The greatest therapeutic advances for CHAs regard PKD (Table 1), including therapies that boost enzyme activity by activating PK and gene therapy (20).


2.2.1. Pyruvate kinase activators

Mitapivat (AG-348), is an oral allosteric activator of erythrocyte PK. In a pivotal phase 2 study (NCT02476916) (21) enrolling 52 adults with PKD not requiring transfusions, a Hb increase of more than 1 g/dL from the baseline was reported in 26 patients (50%, mean maximum Hb increase of 3,4 g/dL, range 1.1 + 5.8) with a favorable safety profile. Hb response occurred only in patients with at least one missense mutation of the PK gene (i.e., those with residual PK activity), highlighting the importance of assessing the underlying molecular defect. Further two phase 3 trials assessed mitapivat in PKD patients requiring or not transfusion support (ACTIVATE-T and ACTIVATE) studies (NCT03548220) (22). In the ACTIVATE-T open label study (NCT03559699) (23), 37% met the primary endpoint of >33% reduction in transfusion burden, and 6 (22%) became transfusion independent. In the ACTIVATE trial of mitapivat vs. placebo, 40% achieved a sustained Hb response vs. 0 patients in the placebo arm. Data from ACTIVATE and ACTIVATE-T confirmed the long-term reduction of transfusion need in both regularly and not-regularly transfused patients (24, 25) along with Hb normalization in a proportion of patients (26). Additionally, mitapivat was shown to improve ineffective erythropoiesis and iron overload (27). Furthermore, despite mitapivat effect on aromatase, bone mineral density remains stable during long-term treatment confirming a good safety profile (28). On these bases, two novel trials with mitapivat in regularly and not-regularly transfused children with PKD have been announced (29, 30). Finally, an elegant preclinical study showed that mitapivat induced similar Hb improvement and reticulocyte decrease as splenectomy in a murine model of HS, heralding its use even in this setting (31).



2.2.2. Gene therapy

In a murine model of PKD, transplantation of hematopoietic stem cells transfected with a lentiviral vector carrying PK gene restored normal glycolytic activity and erythropoiesis, and improved hemolysis. Gene therapy by lentiviral transduction of autologous stem cells and progenitor cells is under study in an open-label phase I trial (NCT04105166). Preliminary data on two adult splenectomized patients showed a Hb increase from baseline in both, along with hemolytic markers improvement. Notably, no severe adverse events were reported.




2.3. Summary of congenital anemias

Red blood cell transfusions have been the only therapeutic option for TDT and the severe forms of SCD. However, during the last years, the approval of luspatercept for TDT, and voxelotor and crizanlizumab for SCD, have the potential to modify the current management of these patients. Gene therapy, approved for TDT by EMA and FDA, is available only in the US for market reasons. However, promising results from gene editing trials represent a potentially curative option for beta-thalassemia and SCD. Given the complex pathophysiology of these disorders and inter-patient variability, new drugs will likely be managed with a patient-tailored approach which could include a combination of different drugs according to the individual characteristics. The management of CHAs should be individualized considering the definite diagnosis (PKD vs. HS vs. Hst, etc.), different ages, comorbidities, and frequency of complications (gallstone, hemolytic and aplastic crises, and iron overload), harnessing the need for transfusions, iron chelation, splenectomy, and cholecystectomy. Splenectomy is less effective in PKD vs. HS and contraindicated in Hst. It is discouraged during the first 6 years of age since transfusion needs may spontaneously improve, and in elderly patients for infectious and thrombotic risks. The allosteric PK stimulator mitapivat is a promising new option for PKD, both alpha and beta-thalassemia, and SCD, and possibly for HS in the next future. Among PKD patients, responses in PKD are generally observed only in patients with at least one missense mutation, whilst those with more disruptive mutations represent an unmet clinical need. Gene therapy might be a chance in these cases, but the results are still preliminary and require further investigation.




3. Acquired anemias


3.1. Update on autoimmune hemolytic anemia

Autoimmune hemolytic anemia is a rare disease with an incidence of 0.8 to 3/100,000 people per year and is caused by an autoimmune attack against erythrocyte antigens (32). AIHA are classified as “warm” (wAIHA) or “cold” forms (CAD), according to the thermal amplitude of the autoantibody and basing on the direct anti-globulin test (IgG + or IgG plus C3d + in wAIHA vs. C3d + and cold agglutinin detection in CAD) (32). AIHA displays multifactorial pathogenesis, including genetic (association with congenital conditions and certain mutations), environmental (drugs, infections, including SARS-CoV-2, pollution, etc.), and miscellaneous factors (solid/hematologic neoplasms, systemic autoimmune diseases, etc.) contributing to tolerance breakdown. Several mechanisms, such as autoantibody production, complement activation, monocyte/macrophage phagocytosis, and bone marrow compensation, are implicated in extra-/intra-vascular hemolysis. Management is based on standard therapies that should be differentiated and sequenced according to AIHA type. wAIHA are treated with steroids frontline, followed by rituximab, an anti-CD20 monoclonal antibody, as second line. The latter is effective in about 70–80% of cases with a median duration of response of 18 months. wAIHA patients failing rituximab represent an unmet clinical need and may be subjected to splenectomy (if young with few comorbidities) or treated with cytotoxic immunosuppressants. Frontline rituximab is advised in CAD, since steroids are effective only at high unacceptable doses. The drug induces short-term partial responses in about 50–60% of cases, and relapsed ones are handled with transfusions and cytotoxic immunosuppressants (33, 34). Novel treatments (Table 2) mainly target autoantibody production by the B-cell/plasma-cell compartment or the final erythrocyte breakdown by either complement or reticuloendothelial systems (Figure 2) (35, 36).


TABLE 2    Novel drugs in patients with rare, acquired anemias.
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FIGURE 2
Novel drugs for rare acquired anemias and their targets. Acquired anemias encompass autoimmune hemolytic anemias, where hemolysis is due to autoantibodies produced after a tolerance break with altered B-, T- cells and antigen presenting cells (APC) crosstalk and production of several cytokines. In warm forms (wAIHA), IgG autoantibodies cause extravascular hemolysis (EVH) in the spleen. These processes may be targeted by neonatal Fc receptor inhibitors (FcRn that clear the autoantibodies from the circulation) and spleen tyrosine kinase (SyK) inhibitors (which inhibits phagocytosis). In cold agglutinin disease (CAD), IgM activate the classical complement cascade and cause C3d mediated extravascular hemolysis in the liver and minor C5 mediated intravascular hemolysis. This may be targeted by complement inhibitors (particularly C1 and C3 inhibitors). Even in wAIHA complement activation may occur and complement inhibitors are under study. Aplastic anemia (AA) is due to a T-cell attack to hematopoietic stem cells, through exposure/release of mediators such as FAS, interferon gamma (IFN) and tumor necrosis factor alpha (TNF). Thrombopoietin receptor agonists (TPO–RA) are effective, along with standard immunosuppressors, to restore hematopoiesis. After immune attack to bone marrow precursors, stem cell that acquired PIG-mutation and are glycophosphatidylinositol (GPI-) negative, may be spared and may expand in a paroxysmal nocturnal hemoglobinuria (PNH) clone. PNH erythrocytes lack natural anti-complement molecules CD55 and CD59 and are destroyed intravascularly by complement cascade (mainly through homeostatic alternative pathway activation). Along with already approved C5 inhibitors, novel drugs include C3 inhibitors, Factor B and Factor D (FB, FD). Colored squares represent the different conditions that may benefit of the various compounds under investigation. FAS-L, FAS ligand; IFN, interferon; TNF, tumor necrosis factor; macrophage/APC, antigen presenting cell; APC, alternative complement pathway.



3.1.1. B-cell and plasma cell inhibitors

These agents include B-cell targeting agents mainly used in secondary AIHA, such as oral B-cell receptor inhibitors parsaclisib (NCT03538041 and NCT05073458), ibrutinib (NCT03827603), and rilzabrutinib (NCT05002777) that are being studied in clinical trials. In a recent multicenter, phase 2, open-label study (NCT03538041) of parsaclisib in relapsed/refractory wAIHA and CAD, the primary endpoint was the overall response at any visit from week 6 to 12. Sixteen patients (64%) responded, and 8 (32%) achieved a CR, although some toxicities emerged including diarrhea, cytomegalovirus reactivation, and psoriasis), and 2 subjects discontinued treatment (37). The drug is now being evaluated in a randomized, controlled phase 3 trial in wAIHA (NCT05073458). Among plasma cell targeting agents, the proteasome inhibitor bortezomib and the anti-CD38 MoAb daratumumab are interesting agents (38, 39). Their efficacy is supported by several case reports/series and from a single phase 2 trial of bortezomib in CAD where a 30% overall response rate was registered with limited toxicity (40). The rationale is to eliminate long-lived plasma cells that do not express CD20 and may cause rituximab refractoriness. Isatuximab, another anti-CD38 MoAb is under investigation in wAIHA in phase 1 study (NCT04661033).



3.1.2. Complement inhibitors

Complement modulation is the most promising drug under study for CAD: sutimlimab, a monoclonal antibody against complement protein C1s, demonstrated a short time to response, rapid normalization of hemolysis, and good safety profile in two phase 3 trials (41, 42). Results were further updated, demonstrating long-lasting responses while on treatment (43) and reappearance of hemolysis in most patients discontinuing the drug in an 8 weeks washout periodv (44). In fact, since sutimlimab does not eliminate autoantibody production, long-term treatment is required to control hemolysis; additionally, it seems less effective on peripheral CAD-induced circulatory symptoms. Pegcetacoplan, a pegylated peptide that inhibits C3 (36), also showed good activity in a phase 2 trial in CAD and wAIHA with IgG + C DAT positivity, and a phase 3 study has been announced in CAD (NCT05096403). In wAIHA with complement activation, a novel C1q inhibitor ANX005 is also being developed (NCT04691570).



3.1.3. IgG-mediated hemolysis targeting agents

The reticuloendothelial system may be targeted by inhibiting the spleen tyrosine kinase with fostamatinib, which also blocks the B-cell receptor downstream pathway (35). The drug was effective in about 45% of patients in a phase 2 trial, with mainly hypertension and diarrhea as related toxicities, and is now in phase 3 studies in wAIHA (NCT02612558). Finally, the safety/efficacy of several inhibitors of the neonatal Fc receptor (FcRn), such as intravenous nipocalimab (NCT03075878), and subcutaneous RVT-1401 (NCT04253236), are under investigation. The FcRn is structurally homologous to the MHC Class I receptor family, is expressed by several cells, and is responsible for the salvage of IgG from catabolism. Blocking FcRn induces an increased clearance of IgG, including pathogenic IgG autoantibodies.




3.2. Update on bone marrow failure syndromes/paroxysmal nocturnal hemoglobinuria

Bone marrow failure syndromes include the PNH–AA spectrum (45, 46). PNH is due to the acquisition of a somatic mutation of PIGA gene by the hematopoietic stem cell (HSC). PIGA encodes a glycosyl phosphatidyl inositol (GPI) molecule that anchors several factors to cell membranes. The lack of CD-55 and CD-59 GPI-anchored proteins renders PNH erythrocytes susceptible to complement-mediated destruction resulting in intravascular hemolysis with anemia and thrombosis. The expansion of PIGA-mutated HSCs to reach a clinically significant clone size is thought to be partly due to an immune attack against PNH-negative HSCs. This T-cell-mediated autoimmune attack against BM precursors is typical of AA, which is associated with PNH in up to 60% of cases (47). Up to the early 2000s, PNH therapy was mainly supportive, and AA patients received immunosuppressive treatment with anti-thymocyte globulin and cyclosporine, or, if candidate, HSC transplant, with heterogeneous and mainly age-related efficacy. In the last 15 years, the treatment of PNH and AA has been revolutionized by the introduction of complement inhibitors in the former, and of the thrombopoietin receptor agonist eltrombopag in the latter (Table 2).


3.2.1. Complement inhibitors for paroxysmal nocturnal hemoglobinuria

The anti-C5 MoAb eculizumab was the first drug to reduce hemolysis, improve anemia, and abate thrombotic risk in PNH patients. The risk of Neisseria meningitidis infections mandated the vaccination with anti-Meningococcus ACYW135 and B before starting therapy, along with life-long education and monitoring of infectious risk. Additionally, the drug required fortnightly intravenous infusions, and up to 2/3 of cases had residual anemia due to persistent intravascular hemolysis, concomitant bone marrow failure, and development of extravascular hemolysis driven by C3 deposition on PNH erythrocytes (48, 49). In the last decade, the long-half-life anti-C5 ravulizumab has been studied and shown not inferior to eculizumab in two phase 3 trials in PNH naïve or previously exposed to eculizumab (50, 51) and was recently approved. Administered every 8 weeks, the drug has the potential to stabilize hematologic response and better control breakthrough hemolytic episodes. Another promising anti-C5, currently in phase 3 investigation, is crovalimab (52). It is administered subcutaneously every 4 weeks, is well tolerated, and has a different target from ecu/ravu, thus being active on the Asian C5 polymorphism. The development of drug-target-drug immune-complexes should be surveilled during the switch from ecu/ravu to crovalimab, since it may cause immunologic reactions that tend to resolve over time (53). Pegcetacoplan, previously mentioned for CAD, is a C3 inhibitor that reduced C3-mediated extravascular hemolysis and alleviated anemia and transfusion dependence in PNH patients who were suboptimal responders to eculizumab (54). The drug is infused subcutaneously twice a week and is now approved for the frontline treatment of PNH patients in the US and those anemics after at least 3 months of anti-C5 treatment in Europe. More recently, several updates on the long-term safety and efficacy of pegcetacoplan have been presented, also highlighting an anti-thrombotic effect of the drug (55–58). Oral agents targeting factor B and D of the alternative pathway represent a further innovation. Factor B inhibitor iptacopan, and factor D inhibitor danicopan have been shown to improve anemia and reduce hemolysis and transfusion needs in PNH patients who are suboptimal responders to anti-C5 in early phase trials (59, 60). The first is being developed as a single agent BID oral therapy, and a phase 3 trial is ongoing (NCT04558918); the second is a TID oral therapy given as add on to anti-C5. A more potent anti-D, vemircopan, administered as monotherapy once a day, is under study in naïve and suboptimal responders to C5 inhibition (NCT04170023). Another oral factor D inhibitor, BCX9930 is also being studied in naïve and previously treated PNH patients, and preliminary results are encouraging (NCT05116787 and NCT05116774). Notably, proximal inhibitors require vaccination with anti-Meningococcus, anti-Pneumococcus, and anti-Haemophilus before treatment start.



3.2.2. Eltrombopag in aplastic anemia

Ten years ago, the NIH group published the first results regarding eltrombopag efficacy in up to 40% of AA patients relapsed/refractory to immunosuppressive treatment (61). Since then, several real-world series confirmed the use of eltrombopag as a single agent at 150 mg day in this setting with trilinear improvement in some cases (62). The addition of eltrombopag to first-line immunosuppression further improved responses to >90% in more recent reports (63) and was superior to IST alone in a phase 3 randomized European trial (64), without increasing toxicity nor clonal evolution. Treatment schedules, particularly regarding the length of eltrombopag administration, the possibility of tapering and discontinuing the drug and to re-start it in case of relapse, deserve further investigation. The drug interferes with cation-containing foods, thus requiring fasting before and after administration. Asian groups are exploring the use of the alternative TPO-RA agent romiplostim. Preliminary results seem promising, with more than 80% response rates if used frontline in association with IST (65–67).




3.3. Summary of acquired anemias

Novel agents represent a basket of opportunities for wAIHA and CAD, while a gray zone of uncertainness remains for treating mixed and atypical AIHA forms. B-cell targeting small molecules and anti-plasma cell agents are promising, although response rates are still lower than those obtained with rituximab, and toxicities may be higher, deserving further investigation. The spleen tyrosine kinase inhibitor fostamatinib blocks phagocytosis by the reticuloendothelial system in wAIHA, and also modulates B-cell receptor activity, potentially reducing autoantibody production. Regarding complement inhibitors, they have high efficacy in CAD; they do not eliminate the autoantibody and should likely be administered indefinitely. Similarly, anti-FcRn agents increase the clearance of pathogenic autoantibodies in wAIHA, but autoantibody production is preserved, suggesting the need for combination therapy in the future. Additionally, the very short response time to these agents may be particularly helpful in severely anemic patients and acute crises.

Regarding PNH, its treatment is facing an era of expanding options with different routes of administration. The latter will likely improve patient convenience but also pose warnings on compliance (68). Proximal inhibitors (C3, factor B and D inhibitors) show dramatic efficacy on extravascular hemolysis and in improving residual anemia while on anti-C5 agents. The “sparing” of a large PNH cell clone with these agents may, in turn, fuel severe hemolytic breakthroughs in case of complement-activating events such as infections, traumas, surgery, etc. The proper management of such pharmacodynamics breakthrough hemolysis is still unknown and will require further investigation. Other open issues include the efficacy of these novel agents in preventing thrombotic episodes, and their long-term safety, particularly regarding infections. While eculizumab has been proven safe and is indicated in the case of pregnancy, no data are available for novel agents. Finally, the introduction of eltrombopag improved the treatment of AA, particularly in the setting of relapse/refractory patients and in the elderly, given the good safety profile and the absence of kidney toxicity. Its use frontline is supported by convincing evidence, but it is still not licensed in Europe, and the timing of administration and the possibility of clonal evolution deserves further investigation. From a patient perspective, the interference with cations containing food should be considered, and future strategies, including romiplostim, and possibly the new TPO-RA agent avatrombopag that has no food interference, require further exploration.




4. Red blood cell transfusions in the current era

Supportive treatment with RBC transfusions remains the mainstay for the management of anemia in the acute setting of both congenital and acquired forms, as well as chronically in patients with TDT. The thresholds of Hb levels are highly heterogeneous across centers and should be carefully weighed on patient age, comorbidities, and disease type. For instance, during infancy, patients with TDT require chronic support to allow development and to avoid extramedullary erythropoiesis and skeletal deformities, whilst in CHAs, transfusions are seldom required on a regular basis. Furthermore, in PKD, the augmented levels of 2,3 diphosphoglyceric acid increase oxygen release to the tissues, thus improving anemia tolerance (19, 20). The relevant issue of alloimmunization should be considered both in poly transfused patients with congenital forms and in those with acquired autoimmune ones, where the risk is higher due to disease-related immune dysfunction (32). In the current era, the advances in phenotyping and genotyping of patients and blood donors have markedly improved unit matching, thus abating alloimmunization and transfusion reactions.



5. Conclusion

Therapeutic options for rare anemias are rapidly expanding and continue to ameliorate disease outcomes with reduction of transfusion need, VOCs, and iron overload in hemoglobinopathies and CHAs and improvement of hemolysis and anemia in AIHA, PNH, and AA. Interestingly, compounds designed for a specific disorder have been considered beneficial also for other anemias in a sort of repurposing process with potentially lower overall development costs and shorter development timelines. Importantly, these compounds may also improve patient convenience. On the other hand, the accelerated evolution of treatment strategies will need a further effort to identify the best candidate for each treatment in the precision medicine era. Non-responders to novel therapies are often disregarded in clinical trials and predictors of response are only seldomly explored (i.e., presence of disruptive genotype in PKD). They represent an unmet need for further development in this area. Finally, as more and more agents become available, costs are also rising for the national health systems and would require careful consideration within regulatory and clinical communities.
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Visceral leishmaniasis is a vector-borne infection by the Leishmania spp., a parasite. Although the overall incidence of visceral leishmaniasis is low, the disease still occurs frequently in some high-risk areas. In our study, two patients were admitted to the hospital with an unprovoked and recurrent high fever, and the condition was not improved after antibiotics administration. Meanwhile, bone marrow aspiration smears failed to find out any pathogen. Finally, Leishmania-specific nucleic acid sequences were successfully detected in the peripheral blood of two patients through metagenomic next-generation sequencing (mNGS), which was further confirmed by bone marrow smear microscopy and antibody tests. After targeted treatment for visceral leishmaniasis in the patients, mNGS reported a decrease in the reads number of Leishmania sequence. The results indicate the feasibility of mNGS in detecting Leishmania spp. in peripheral blood samples. Its therapeutic effect evaluation may be achieved through a comparative analysis of the number of reads before and after the treatment.
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Introduction

Leishmaniasis is a vector-borne infection caused by protozoan parasites of the genus Leishmania, and is transmitted through the bite of female Phlebotomus Sandflies (1–3). There are several forms of leishmaniasis in China, wherein visceral leishmaniasis cases predominate, whose main causative agents are Leishmania donovani (L. donovani) and Leishmania infantum (4). According to the 2011 Chinese official record, the annual incidence of visceral leishmaniasis is very low, i.e., only 0.03/100,000, with an overwhelming majority of cases reported from sites of endemicity in the western and northwestern regions of China (5). Due to the low incidence, visceral leishmaniasis is among the most neglected infectious diseases. However, it is also the most severe form, with a poor prognosis and a high fatality rate. So far, early diagnosis and treatment are essential in controlling visceral leishmaniasis.

Due to the low incidence of visceral leishmaniasis and atypical symptoms in some patients, its diagnostic procedure is usually not straightforward. It is generally made by combining clinical signs with parasitological and serological tests. Chronic fever, hepatosplenomegaly, and pancytopenia are the primary classical manifestations of visceral leishmaniasis (6), varying from the host's immune status, the parasite, and immunoinflammatory responses (7). Microscopic examination of aspirate smears in bone marrow, lymph nodes, and spleen is the most reliable diagnostic method for visceral leishmaniasis. In general, splenic aspirate shows the highest diagnostic value (with specificity and sensitivity of more than 90%), followed by bone marrow (with sensitivity in the range of 53 and 86%) and lymph nodes (with sensitivity ranging from 53 to 65%) (8). The low sensitivity of bone marrow cytomorphology limits its application in accurately identifying or excluding suspicious patients. The serological examination based on the rK39 antigen is the most rapid and widely used in China. However, specific antibody testing may not be arranged timely for patients with atypical symptoms due to the low incidence of visceral leishmaniasis.

Recently, next-generation sequencing (NGS) technology has been applied to the etiological diagnosis of infectious diseases, known as metagenomic next-generation sequencing (mNGS) (9). Due to its unbiased and hypothesis-free characteristics, mNGS has emerged as a vital method in identifying complex microorganisms to culture and diagnosing infectious diseases with low incidence. As recently reported, mNGS allows for Leishmania detection and early diagnosis of visceral leishmaniasis, improving the prognosis of the patients (10). In this case report, two patients with fever of unknown origin were enrolled, with some abnormal items in their physical examinations, including blood biochemistry, liver function, and blood routine. However, bone marrow aspiration smears failed to find any pathogen until mNGS identified Leishmania in the peripheral blood samples of these two patients. Then, Leishmania was found in the bone marrow aspiration smears and further confirmed with the antibody tests. Visceral leishmaniasis was diagnosed, and antimonials were used as the conventional therapy. After the symptoms disappeared, mNGS was performed again to assess the treatment effect by comparing the number of reads before and after the treatment. The detailed histories of both patients were as follows.



Case description


Case 1:

On January 9, 2021, a 52-year-old female patient who lives in Jiuzhaigou in the Sichuan province of China was admitted to another hospital because of an unprovoked high fever (Table 1). The body temperature reached 39.6°C, accompanied by coughing, sputum expectoration, tiredness, anhelation, chilly, and shivering. A mass of rash was seen on the face, chest, and groin. She was checked by ultrasound in urinary system, brain magnetic resonance imaging (MRI) scan, and chest computed tomography (CT), but no significant abnormality was seen. Based on the above symptoms, antibiotics ceftriaxone sodium and clindamycin were used for anti-infection, and methylprednisolone was administered as an anti-asthmatic drug.


TABLE 1 Demographics and clinical presentations of the 2 cases.

[image: Table 1]

On January 11, 2021, the concentration of folic acid (FOL), vitamin B12 (VB12), and serum ferritin (SF) was determined, with the level of SF on the high side. On January 13, 2021, the bone marrow aspiration smear showed a low proliferation rate of nucleated cells, a downside of granulocyte/erythrocyte ratio, and some erythroblasts presented with abnormal morphology. In addition, a significant reduction of iron content in the bone marrow was seen, and the platelet production by megakaryocytes was poor. Scattered and clustered platelets could be seen in the bone marrow. After administering drugs for a week, she recovered from symptoms like coughing, sputum expectoration, tiredness, and shortness of breath. However, the fever was not on the mend. On January 14, 2021, the results of the blood routine indicated decreased levels of white blood cells (WBC), red blood cells (RBC), hemoglobin (HGB), and platelet (PLT). The timeline of diagnosis and treatment of case 1 is demonstrated in Table 2.


TABLE 2 Timeline of diagnosis and treatment in the case 1.

[image: Table 2]

On January 15, 2021, she was admitted to our hospital (The Third People's Hospital of Chengdu) and confirmed a history of hypertension, diabetes, and anemia, together with thalassemia in her daughter. Based on the medical history and physical examination results, the patient was tentatively diagnosed with “a fever pending for diagnosis, with moderate anemia, chronic nephritis, hypertension of grade 2, and type 2 diabetes.” Chest CT showed splenomegaly, and the abdominal B-mode ultrasound revealed hepatosplenomegaly. After admission, the patient was administered piperacillin sodium/tazobactam sodium and moxifloxacin for anti-infection, oseltamivir for anti-influenza, folic acid tablets, and vitamin B12 as the hematopoietic raw materials, and clexane for preventive anticoagulant.

On January 19, 2021, the bone marrow aspiration smear showed active bone marrow hyperplasia and some dysplastic changes (>10%) in erythroid cells. The patient's fever had not been remitted. On January 20 and 21, no significant abnormality was seen in the bone marrow chromosome karyotyping and gene mutation analysis in myeloid blood diseases.

On January 24, 2021, peripheral blood mNGS was performed, and 11,552 reads of Leishmania genus-specific sequence were detected in microbial cell-free deoxyribonucleic acid (mcfDNA), and 7,509 reads were detected in microbial cell-free ribonucleic acid (mcfRNA) (Table 3), with a genome coverage of 2.7% (Figure 1). The sequencing data were deposited in the database under the Sequence Read Archive (SRA) accession number PRJNA850821. On January 26, the RK39 antibody test showed a positive result. After repeated examinations on the bone marrow aspiration smears, Leishmania was found (Supplementary Figure 1). Finally, the patient was diagnosed with visceral leishmaniasis, sepsis, moderate anemia, rash, leukopenia, thrombocytopenia, grade 2 hypertension, and type 2 diabetes mellitus.


TABLE 3 Data and information of mNGS detection.
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FIGURE 1
 The genome coverage map of Leishmania donovani detected by mNGS in case 1. The genome coverage of Leishmania donovani in the peripheral blood of case 1 is 2.7%.


On January 26, 2021, a sodium stibogluconate regimen (6 ml/vial, course of treatment for 14 days, D1 3 ml antimonials & 7 ml glucose and sodium chloride injection iv, D2–D14 6 ml antimonials & 4 ml glucose and sodium chloride injection iv) was administrated, and her fever was remitted on that day. On March 2, 2021, the decreased WBC had been resolved, but splenomegaly remained. On March 7, the peripheral blood was collected again for mNGS detection, and 73 reads of the leishmania-specific genus sequence were detected in mcfDNA, but none was seen in mcfRNA (Table 3). Meanwhile, the rash on the face, chest, and groin disappeared utterly.



Case 2:

On January 25, 2021, a 55-year-old man was admitted to our hospital (Mianyang Central Hospital) with recurrent fever, a body temperature of 39.6°C, and acute febrile symptoms. One month before admission, the patient developed a fever of unknown origin, with the highest body temperature of 41°C, accompanied by a shiver. Before admission, he had been treated with piperacillin sodium/tazobactam in the other hospital, but without any improvement. Upon entry, he told a history of pancreatitis and septicemia. He denied any family history. On January 25, 2021, the results of the blood routine revealed reduced levels of WBC, RBC, HGB, and PLT. Hepatosplenomegaly was observed by using the abdominal color ultrasound. Increased amylase and lipase levels were noticed, which are the markers of pancreatitis. A positive result was noted in the Epstein-Barr virus (EBV), but no other blood or respiratory tract pathogen was detected. The timeline of diagnosis and treatment of case 2 is shown in Table 4.


TABLE 4 Timeline of diagnosis and treatment in the case 2.
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In the following 14 days after the admission (from January 25, 2021, to February 6, 2021), blood routine examinations were performed, and the low levels of WBC, RBC, HGB, and PLT were all continued. On February 7, 2021, active bone marrow hyperplasia and hemophagocytosis were seen in bone marrow aspiration smears, but no pathogenic microorganism was found. On February 9, 2021, peripheral blood mNGS was performed, and 606 reads of Leishmania genus-specific sequence and 15 reads of L. donovani-specific sequence were detected in mcfDNA, accounting for 0.2% of genome coverage (Figure 2). The sequencing data were deposited in the database under the SRA accession number PRJNA850821.


[image: Figure 2]
FIGURE 2
 The genome coverage map of Leishmania donovani detected by mNGS in case 2. The genome coverage of Leishmania donovani in the peripheral blood of case 2 is 0.2%.


On February 10, 2021, the bone marrow aspiration smear was re-examined, and ten suspected Leishmania were seen (Supplementary Figure 2). On the same day, a positive outcome of the rK39 test confirmed Leishmania's existence. The final diagnosis was visceral leishmaniasis, hemophagocytic syndrome, sepsis, liver dysfunction, electrolyte imbalance, hypoproteinemia, coagulopathy, moderate anemia, thrombocytopenia, and leukopenia. Anti-leishmaniasis treatment with sodium stibogluconate (0.6 g, im, qd, course of treatment for 3 weeks) was adopted, and the fever was entirely resolved. On February 25, no Leishmania was found in the bone marrow aspiration smear. On February 25, 2021, the results of the analysis on gene mutation in hemophagocytic syndrome manifested no disease-causing mutation, suggesting that this disease is not present in genetic forms in the patient. On March 12, 2021, the WBC count returned to normal, and the levels of HGB and PLT were primarily increased. On March 14, 2021, peripheral blood was collected again for mNGS detection, and no Leishmania genus-specific or L. donovani-specific sequence was detected in the mcfDNA nor mcfRNA.




Discussion

Visceral leishmaniasis is an endemic disease, and a history of residence or stays in endemic areas is an essential criterion in its diagnosis (5). The statistical data surveyed from 2004 to 2019 and released by the Chinese Center for Disease Control and Prevention indicated that visceral leishmaniasis is mainly prevalent in five provinces in China, including Xinjiang (2,351 cases), Gansu (1,607 cases), Sichuan (594 cases), Shaanxi (139 cases), and Shanxi (142 cases). These cases account for 96.89% (4,833/4,988) of the nationally reported cases during the same period. In this study, case 1 is a native of Sichuan province and claimed no ecdemic travel history, and can be identified as a local case in Sichuan. For case 2, the source of infection is unclear because he lived in Sichuan province and had a history of Xinjiang residence before the onset of symptoms, which are all endemic areas of visceral leishmaniasis in China (11). This two-case report highlights the necessity to strengthen the surveillance and control of this infectious disease in its epidemic areas, despite its low incidence in China.

Owing to the wide range of non-specific clinical symptoms, patients with leishmaniasis frequently could not be diagnosed using conventional methods. For example, in seven patients whose blood mNGS findings pointed to Leishmania infection and were finally diagnosed with leishmaniasis, only three individuals tested positive for rK39, and two had Leishmania amastigotes identified in their bone marrow (12). In the two cases of this study, bone marrow aspirate smears failed to find Leishmania before mNGS detection, because of short of knowledge on this parasite and experience of visceral leishmaniasis diagnosis, especially in the local hospital. Due to a history of anemia in case 1, together with the thalassemia in her daughter, she was suspected of hematological system diseases like leukemia. Infection was also considered because of the physical examination and relevant laboratory abnormalities. Before and after admission to our hospital, case 1 was administered different antibiotics for anti-infection, but the fever had not been remitted. In addition, no sufficient evidence was found to show a myeloid blood disease. Worse still, no pathogen was seen in the bone marrow aspiration smear. Until the Leishmania reported by mNGS detection, it was also found in the bone marrow aspiration smear after repeated and careful examinations.

Case 2 suffered from underdiagnosis severely, who had been hospitalized in different hospitals for nearly 1 month and spent massively. Before admitting to our hospital, he had been administered various antibiotics, such as piperacillin sodium/tazobactam, but without any improvement. He was suspected of infection or hemophagocytic syndrome after admission to our hospital. But no blood or respiratory tract pathogenic microorganism was detected. Within 14 days, the bone marrow aspiration smear was performed three times but showed no abnormality. On day 16, peripheral blood mNGS was arranged, and Leishmania genus- and L. donovani-specific sequences were reported. According to the result of mNGS, we re-examined the bone marrow smear and found ten suspected Leishmania, which was confirmed by the positive outcome of the rK39 antibody test. Finally, he was diagnosed with visceral leishmaniasis and hemophagocytic syndrome, was treated timely, and discharged from the hospital with drugs, and the outcome was so satisfactory. Then, analysis of gene mutation in hemophagocytic syndrome found no disease-causing mutation. Therefore, hemophagocytic syndrome is more likely to be associated with the infection of Leishmania.

Furthermore, mNGS is available for Leishmania detection not only in bone marrow aspirate (13, 14), especially for quick and accurate diagnosis in patients with suspected leishmaniasis (14, 15), but also in the easy-to-obtain peripheral blood. Sequencing readings of L. infantum and L. donovani also have been identified by mNGS using peripheral blood (16). During the continuous reproduction process of Leishmania in the blood circulation system, the nucleic acid released into the peripheral blood forms mcfDNA and mcfRNA along with apoptosis occurring, which is the basis for the detection of Leishmania nucleic acid in the peripheral blood by mNGS (17). Even if the pathogen has been killed, its mcfDNA and mcfRNA may still exist in the peripheral blood for a while, and mcfRNA will be degraded faster because of its shorter half-life. Therefore, mcfRNA is superior to mcfDNA in monitoring the number of reads to evaluate the treatment efficacy of sodium stibogluconate, which is commonly used to inhibit L. donovani in the treatment of visceral leishmaniasis (18). Our mNGS reports indicated a marked decrease in the reads number of the Leishmania-specific sequence in the two patients' peripheral blood after a period of sodium stibogluconate treatment.

In this study, we proved the feasibility of mNGS in detecting causative pathogens and diagnosing visceral leishmaniasis from peripheral blood samples, dramatically avoiding misdiagnosis or underdiagnosis. Changes in the number of reads of mcfDNA and mcfRNA sequences yielded in mNGS can be taken as evidence of effective anthelmintic therapy. Finally, the relatively high cost of mNGS is the main shortcoming that limits its sample size and hinders its wide use in clinical. Once this challenge is addressed, further studies with a more extensive sampling size are more likely to validate Leishmania detection's reliability via mNGS in blood samples.
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SUPPLEMENTARY FIGURE 1
 A macrophage infected with amastigotes in leishmaniasis case 1. Bone marrow aspiration shows the Leishmania spp amastigotes (arrow) in case 1. Original magnification ×50.

SUPPLEMENTARY FIGURE 2
 A macrophage infected with amastigotes in leishmaniasis case 2. Bone marrow aspiration shows the Leishmania spp amastigotes (arrow) in case 2. Original magnification ×40.
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Advances in diagnosis and treatment have dramatically improved survival of acute immune thrombotic thrombocytopenic purpura (iTTP) and iTTP has evolved from an acute fatal condition to a chronic relapsing disorder. In addition to the risk of iTTP relapse, iTTP survivors are at risk of multiple adverse health outcomes including higher than expected rates of all-cause mortality, increased rates of stroke and other cardiovascular disease, and higher rates of morbidities such as obesity, hypertension, and autoimmune disorders. iTTP survivors also report neurocognitive impairment, depression, and reduced quality of life. Women with iTTP are at risk for recurrent iTTP, preeclampsia, and other maternal and fetal complications in subsequent pregnancies. ADAMTS13 activity during clinical remission has emerged as an important targetable risk factor for iTTP relapse and other outcomes including stroke and all-cause mortality. This review summarizes current literature regarding the epidemiology and potential mechanisms for adverse long-term sequelae of iTTP, outlines current best practices in iTTP survivorship care, and highlights a research agenda to improve long-term iTTP outcomes.
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Introduction

Immune thrombotic thrombocytopenic purpura (iTTP) is a rare hematologic disorder characterized by episodes of microvascular thrombosis and ischemic organ damage (1). iTTP is caused by an autoantibody-mediated deficiency of ADAMTS13, a von Willebrand factor-cleaving protease that results in circulating high molecular weight multimers of von Willebrand factor that cause platelet aggregation and systemic microvascular thrombi (2). Untreated iTTP is almost universally fatal; however, treatment with plasma exchange (PEX) and immunosuppression has reduced mortality in acute iTTP from >90% to < 5–10% (3–5). Recent therapeutic advances, including Rituximab (6–10) and caplacizumab (11), have further improved outcomes of acute iTTP. Since most patients now survive acute iTTP, late complications and survivorship issues have emerged as an important clinical and research focus with the potential to improve outcomes for the growing number of individuals living with this rare disorder (Figure 1) (12, 13). Until recently, iTTP was viewed primarily as an acute condition, and survivors were expected to return to their previous level of health except for a 30–50% risk of relapse (14). However, recent studies suggest that iTTP survivors experience a plethora of adverse long-term health outcomes following recovery (12). These range from higher than expected rates of all-cause mortality and increased rates of chronic morbidities such as hypertension (15), obesity (12), cardiovascular disease including stroke (16–18), renal injury (19), and autoimmune disease (20) as well as neurocognitive impairment (21, 22), depression (22, 23), and reduced quality of life (Figure 2) (24). Women with iTTP may also experience recurrent iTTP as well as other maternal and fetal complications in subsequent pregnancies (25, 26).


[image: image]

FIGURE 1
Evolution of iTTP from an acute fatal illness to a chronic disease. Since iTTP was described in 1924, the pathophysiology of iTTP has been elucidated, and advances in treatment have reduced mortality from acute iTTP episodes from over 90 to less than 5% per episode. In this landscape, the clinical and research agenda has also evolved toward a focus on issues of survivorship, and further advancements in therapy including the development of novel targeted therapies targeting immune response as well as VWF-platelet microthrombi, and steps toward treating iTTP without plasma.
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FIGURE 2
Long term complications of immune TTP.


With this paradigm shift of approaching iTTP as a chronic disorder, the long-term sequelae of iTTP, and their underlying mechanisms and risk factors are an active area of investigation. This review summarizes current literature investigating long-term outcomes after recovery from acute iTTP and current best practices in iTTP survivorship care.



iTTP relapse


Relapse risk

Despite successful management of most acute episodes, iTTP remains a chronic relapsing disorder. Relapse rates ranging from 30% to over 50% have been reported, and each relapse comes with the risk of significant morbidity and mortality (27–31). While most relapses occur within the first 2 years after the initial episode, relapses have been reported even after a decade (29–31). Notably, the increasing use of rituximab with the first presentation of iTTP likely delays relapse, which may then occur later in the disease course (30, 32). Multiple risk factors for relapse have been identified, including younger age, male sex, presenting in iTTP relapse (versus a de novo episode), non-O blood group, and Black race (30–32). However, these are generally non-modifiable risk factors.

Reduced ADAMTS13 activity during clinical remission has been identified as currently the most reliable, and importantly targetable, risk factor for relapse (33, 34). Jin et al. analyzed 157 serial measures (in 24 patients) of ADAMTS13 activity and ADAMTS13 IgG antibodies and reported that while ADAMTS13 antibody levels were not significant predictors of relapse, lower ADAMTS13 activity (p = 0.03) and younger age (p = 0.02) were significant risk factors for TTP relapse and particularly sensitive and specific for relapse in the next 90 days (34). Peyvandi et al. reported significantly lower levels of ADAMTS13 activity (12% vs. 41%, p = 0.007) and antigen (36 vs. 58%, p = 0.003) among patients with recurrent TTP compared to patients with no recurrence, and severely low ADAMTS13 levels (<10%) were associated with a higher risk of recurrence (OR: 2.9, 95% CI: 1.3–6.8, p = 0.01). This study additionally reported that the presence of ADAMTS13 antibodies increased the likelihood of TTP recurrence (OR: 3.1, 95% CI: 1.4–7.3, p = 0.006) (33). A more recent multi-institutional study also demonstrated similar findings, identifying both ADAMTS13 activity ≤ 20% and high anti-ADAMTS-13 titers as independent risk factors for iTTP relapse (35). Recognizing the significance of reduced remission ADAMTS13 as a predictor of relapse, the International Working Group in iTTP recently updated its outcome definitions to include ADAMTS13 relapse, defined as ADAMTS13 activity < 20% during clinical remission (normal platelet count and no symptoms of iTTP) (36).



Relapse prevention

Recent studies have explored the use of rituximab to promote swifter recovery of ADAMTS13 activity, decrease ADAMTS13 antibodies, and subsequently decrease relapse rates. Early observational studies showed that patients with refractory or relapsed iTTP treated with rituximab had remarkably low rates of relapse (0–19%) (7–10). Subsequently, a phase II trial with matched historical controls showed that early use of rituximab reduced the 2-year relapse rate from 57 to 10% (28), which led to wider adoption of upfront rituximab for the treatment of acute iTTP, which is endorsed by the ISTH iTTP treatment guidelines (37). Most recently “preemptive” rituximab is often used to prevent clinical relapse in patients in clinical remission but with ADAMTS13 relapse. This is largely based on observational data from the French iTTP registry in which 92 patients with ADAMTS13 < 10% in clinical remission were preemptively treated with rituximab (38). The median cumulative relapse rate decreased from 0.33 (IQR 0.23–0.66) episodes per year before rituximab therapy to 0 (IQR 0–1.32) episodes per year after treatment (P < 0.001) (38). Compared with 23 historical controls with ADAMTS13 < 10% who did not receive preemptive rituximab, the relapse rate was much lower in the rituximab treated patients (15 vs. 74% P < 0.001) (38). Our practice is to monitor ADAMTS13 activity every 3 months during clinical remission for most patients, and offer preemptive rituximab if ADAMTS13 activity is <20–30% (13). The decision for preemptive rituximab is frequently influenced by a prior history of relapse; we recommend this most strongly for patients who have already had iTTP relapses since they are at much greater risk for relapse and most likely to benefit from preemptive rituximab. Some patients with a single episode of acute iTTP elect for observation alone. The monitoring and treatment plan can be further individualized. For example, patients with a single iTTP episode may opt for less frequent follow up at every 6–12 months starting at 2–3 years after the index episode (13); however, patients with a history of relapses or those that have needed repeated courses of preemptive rituximab will likely benefit from continued close follow up.

A large retrospective study from the United States Thrombotic Microangiopathy Registry that included 645 participants reported that Black patients had higher relapse rates, and the relapse free survival prolonging benefit of rituximab was also reduced in Black participants, particularly those with relapsing iTTP (32). Thus, Black patients may require closer monitoring, earlier retreatment, and consideration of alternative immunosuppressive therapies. Overall, about 15% of patients may be refractory to rituximab or may have only a transient response (38). In some of these cases, retreatment with an anti-CD20 directed therapy may be effective but comes with increased risk of adverse events and uncertain efficacy (39). Cyclosporine A has shown excellent efficacy in improving ADAMTS13 activity in patients refractory to rituximab (40). Plasma cell directed therapies such as bortezomib and daratumumab have also shown promise in iTTP refractory to rituximab (41–44). Other immunosuppressive therapies such as cyclophosphamide and even splenectomy have been used with success in rituximab refractory cases (45, 46). The optimal immunosuppressive regimen after rituximab failure has not been established and remains a critical unmet need in iTTP care.




Shortened overall survival

Immune thrombotic thrombocytopenic purpura survivors are at a higher risk of premature death compared with age-, sex-, and race-matched control populations. Moreover, since most patients will survive acute iTTP, late complications, such as cardiovascular disease, are the leading cause of mortality and morbidity (12, 15, 18). In an analysis of 57 iTTP survivors from the Oklahoma iTTP registry, 19% had died over a median follow-up of 7.8 years, which was significantly higher than expected based on age- and sex-matched U.S. or Oklahoma reference populations (12, 15). Only 18% of deaths were associated with iTTP relapse and cardiovascular and cerebrovascular complications accounted for the majority (64%) of deaths (15). Subsequently, a 222 patient cohort from the Johns Hopkins University and Ohio State University also demonstrated higher all-cause mortality in iTTP survivors compared to age and sex-matched reference populations with cardiovascular disease (27.6%, 8 of 29) and iTTP relapse (27.6%, 8 of 29) being the leading causes of death (18). Several studies have identified male sex, the number of iTTP episodes, and increasing age as risk factors for early mortality among iTTP survivors (12, 18). The French iTTP registry also reported that male sex, diabetes, tobacco use, malignancy, hypertension, cerebrovascular events, dementia, and COPD were risk factors for 1-year mortality among older iTTP survivors (47). Along with the finding that cardiovascular disease is a leading cause of death, these findings suggest that it is likely that comorbidities such as obesity, hypertension, and autoimmune disease may contribute to lower survival in TTP survivors. Indeed, TTP survivors have a higher prevalence of obesity (BMI > 30), particularly morbid obesity (BMI > 40), as well as higher rates of hypertension compared to the U.S. reference population (12), and these traditional cardiovascular risk factors are well-recognized as predictors of all-cause and cardiovascular mortality (48). The combined Johns Hopkins and Ohio State data found a trend toward increased mortality with lower ADAMTS13 activity during clinical remission (18). Lending credence to this association is an observation from the Rotterdam study, a population-based study in the Netherlands, which shows that lower ADAMTS13 activity is a risk factor for cardiovascular death in the general population (49).



Cardiovascular disease and stroke

Cardiovascular disease is a leading cause of mortality and complications among iTTP survivors (12, 17, 18). The risk of stroke during clinical remission is increased nearly fivefold compared with age and sex matched control population (13.1 vs. 22.6%) and this risk is strongly associated with incomplete ADAMTS13 recovery during clinical remission (16). A subsequent study found that major adverse cardiovascular events (stroke, non-fatal and fatal MI, and cardiac revascularization) occurred in 29% of iTTP survivors over a median follow up of 7.6 years with the first event occurring at a mean age 10–20 years younger than in the US reference population (17). Stroke was more common than myocardial infarction, similar to the pattern seen in congenital TTP cohorts, suggesting that the brain may be particularly vulnerable to iTTP-related thromboembolic events. Black race and diabetes mellitus were associated with these adverse cardiovascular events though a clear association with remission ADAMTS13 was not seen, likely due to limited statistical power (17).

In large population-based cohorts from the Netherlands, lower ADAMTS13 activity has emerged as a risk factor for coronary heart disease, stroke, and all cause and cardiovascular mortality (49–51). The hypothesized mechanism is that the lower ADAMTS13 levels leads to an accumulation of larger, more procoagulant von Willebrand Factor multimers that promote platelet activation (52), complement activation (53, 54), and accelerated atherosclerosis (50, 51, 55, 56). This may be of particular relevance among iTTP survivors who may not fully recover ADAMTS13 activity even during clinical remission (called partial ADAMTS13 remission) (36, 49). Comorbidities associated with increased cardiovascular risk such as hypertension, obesity, and autoimmune diseases are also more prevalent in iTTP survivors (12, 15). It is likely that multiple factors including traditional cardiovascular risk factors, ischemic events during acute iTTP and reduced ADAMTS13 activity all contribute to the risk of adverse cardiovascular events among iTTP survivors (16–18). Until specific strategies to mitigate cardiovascular risk in iTTP are developed, aggressive screening and management of cardiovascular risk factors is suggested, and the use of antiplatelet therapies such as aspirin may be considered especially in patients with other vascular risk factors. Current treatment strategies target ADAMTS13 activity > 20% to prevent relapse. It is possible, but as yet unproven, whether targeting higher levels will improve outcomes such as stroke and mortality, and optimal ADAMTS13 targets still need to be established.



Other morbidities

Compared to general population controls, iTTP survivors have a higher rate of comorbidities such as hypertension (15), obesity (15), autoimmune disorders (15), and depression, which can contribute to cardiovascular disease and mortality as well as impaired quality of life. For example, in the Oklahoma iTTP registry, the prevalence of hypertension (40 vs. 23%; P = 0.013) and major depression (19 vs. 6%; P = 0.005) and was greater than expected values from the US and Oklahoma reference populations. The rate of obesity, particularly morbid obesity, was also higher in iTTP patients. Similarly high rates of hypertension, obesity, and autoimmune disease were reported from other US cohorts (4, 17), and a French study comparing 36 elderly TTP survivors (≥65 years) with 127 age-matched controls demonstrated a higher prevalence of ischemic heart disease, stroke, osteoporosis, autoimmune disorders, and hypertension among the aging TTP patients (57). Autoimmune disorders, particularly systemic lupus erythematosus (SLE), commonly coexist with iTTP. In follow up of patients from the Oklahoma iTTP registry, the period prevalence of SLE was 12% (5 of 43), which was significantly increased compared to the U.S. population estimates (0.3%, p < 0.001) (15). The combined Johns Hopkins and Ohio State Cohort reported a 11% prevalence of SLE with 8.8% having other autoimmune disorders, and data from French Reference Center registry showed that 21.4% (56 of 261) patients developed autoimmune conditions in association with iTTP, of which 30.4% developed the autoimmune condition(s) during an average 22-month follow-up period (20).

The factors driving the higher prevalence of these comorbidities are incompletely elucidated and likely complex. iTTP is associated with depression, which is an independent risk factor for obesity (58), and may increase cardiovascular morbidity (59). Obesity in turn is a risk factor for hypertension, cardiovascular disease, and mortality (60, 61). iTTP more commonly affects women and Black people, the same patient demographic susceptible to autoimmune conditions like SLE (62, 63). Moreover, race is not a purely biological construct and is often a surrogate for economic status, education, access to resources, and other social determinants of health that have huge impacts on the risk of developing chronic disease, as well as overall survival (64, 65).



Cognitive impairment

Chronic cognitive difficulties, especially issues with memory and concentration, are a frequently reported concern among iTTP survivors (21, 22, 66–69). A study that evaluated neurocognitive function in 24 iTTP survivors reported that 88% (21 of 24) performed below expectations in at least 1 of 11 domains, and 17% (4 of 24) participants scored below expectations in 6–8 of the 11 domains. Compared to healthy controls, the participants’ median scores were significantly lower in 4 of 11 cognitive domains–complex attention and concentration skills, information processing speed, language generation, and memory (21). Cataland et al. reported that 63% (17 of 27) of the study participants were classified as having cognitive impairment, specifically in the visual learning and memory domains. Additionally, neurocognitive function among patients whose most recent TTP episode occurred within 1 year of the study (73%) was significantly more impaired compared to cognitive functioning in survivors whose last episode was more than 1 year prior (31%, p = 0.035) (68). Finally, a recent prospective study of neurocognitive function in iTTP survivors also found that over half had cognitive impairments, most commonly affecting executive function, attention and processing speed (70).

Multiple possible etiologies for iTTP associated cognitive impairment have been proposed. Comorbid depression has been suggested as a cause based on an association of depression severity with worse cognitive performance in a European study that used self-reported cognitive performance as an outcome measure (22); however, Han et al. did not find an association of depressive symptoms among iTTP survivors in the Oklahoma registry (23). The pattern of cognitive impairments seen in iTTP is similar to that seen in patients with hypertension (71), sickle cell disease (72, 73), and other vascular disorders (74), suggesting that it could be due to acquired diffuse, subcortical microvascular lesions. In support of this hypothesis, Cataland et al. observed small and large vessel ischemic changes indicative of silent cerebral infarcts on brain MRI in 39% (9 of 23) of TTP survivors who were otherwise clinically stable and without apparently neurological symptoms, thus suggesting a higher prevalence of persistent sub-clinical neurological injury following recovery (68). A recent prospective study found that silent cerebral infarction, defined as magnetic resonance imaging (MRI) evidence of brain ischemic infarction without a corresponding neuro-deficit, was present in 50% of iTTP patients in clinical remission and was strongly associated with the presence of cognitive impairment, particularly major cognitive impairment (70). Given that silent cerebral infarctions are a risk factor for both cognitive impairment (75) and stroke (76) in the general population, it is likely that neurocognitive deficits and stroke in TTP survivors are associated with silent infarctions in the brain. Ongoing studies to establish the prevalence and incidence of silent cerebral infarcts, stroke, and cognitive impairment among TTP survivors will identify an opportunity for early interventions aimed at reducing the incidence of sub-clinical neurologic injury (Figure 3).
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FIGURE 3
Spectrum of cerebrovascular disease in iTTP. iTTP survivors not only experience stroke at disproportionately high rates, but also exhibit evidence of silent cerebral infarction, defined as an ischemic lesion of brain magnetic resonance imaging that is not accompanied by a neurologic deficit attributable to that location of the brain, which may be associated with cognitive deficits as well. Screening for and addressing cardiovascular risk factors in at risk patients may mitigate some of the long term neurologic morbidity of iTTP.




Mental health and quality of life

Multiple studies have reported a very high prevalence of depressive symptoms in patients who have recovered from acute iTTP. The exact estimate varies depending upon sampling and methodology. For example, investigators from the Oklahoma registry reported a 19% point prevalence of depression in a cross sectional sample (15), but nearly 59% of patients screened positive for depression at some point during an 11 year period (23). An European observational cohort study reported that 68% (74 of 104) of iTTP survivors scored positive for depression, a significantly higher prevalence compared to the controls (p < 0.001), and the severity of depression did not significantly vary between a 1-year period. This study also noted a positive correlation between the survey scores for clinically relevant depression and cognitive impairment (p < 0.001) (22). A survey-based study conducted through the Answering TTP foundation reported that 80.8% (169 of 209) of respondents reported at least mild depressive symptoms (77). In addition, 35.1% (81 of 231) of iTTP survivors who responded to the study met the criteria for post-traumatic stress disorder (77). In this study, 21% of participants reported that they were unemployed for reasons that they attributed to iTTP sequelae (77). While this study was likely affected by responder bias that could inflate estimates, these numbers are sobering and highlight the social and economic impact of the mental health sequelae of iTTP (69).

Following recovery, iTTP survivors have described persistent difficulties with endurance, concentration, and memory, which may contribute to long-term deficits in quality of life. Lewis et al. documented that that iTTP survivors in the Oklahoma cohort scored significantly lower than the US population across all eight domains of the SF-36 questionnaire when the initial SF-36 assessment was administered 6–24 months following iTTP recovery (24). These findings were supported by Cataland et al., who reported that the aggregate mental and physical component scores of iTTP patients were significantly lower than the age- and gender-matched US norms (68).



Pregnancy outcomes in women with a history of TTP

It is well established that pregnancy may trigger both initial and recurring episodes of congenital or immune TTP (25, 78–80). Regardless of whether the first iTTP episode is associated with pregnancy, pregnancy after a diagnosis of iTTP carries significant risk to both mother and fetus. Rates of recurrent iTTP during pregnancy range from 20% to 65%, and live birth rates range from 30% to 80% (12, 26, 80, 81). These widely varying rates are heavily influenced by the nature of the cohort (all patients followed prospectively versus high risk cases referred to tertiary care centers) and are much improved in cohorts that underwent ADAMTS13 activity monitoring and prophylactic therapy with plasma exchange when ADAMTS13 levels drop below 10–20% (81, 82). This is consistent with reports that ADAMTS13 activity at the onset of pregnancy is a predictor of relapse during pregnancy (81–84). In addition to the risk of relapse and miscarriage, upto a third of pregnancies in women with iTTP are complicated by preeclampsia, which is much higher than the 2–3% rate of preeclampsia reported in the general population (85–88). The association between iTTP and preeclampsia is likely multifactorial. Preeclampsia has been linked with reduced ADAMTS13 activity, likely due to the combination of pregnancy-related reduction in ADAMTS13, the risk of vWF-mediated placental micro-thrombosis in the setting of reduced protease activity, and the inflammation-induced inhibition of ADAMTS13 proteolytic activity (89–92). The prevalence of iTTP among Black women, who have a higher risk of hypertensive disorders of pregnancy, and the increased incidence of hypertension, which is an independent risk factor of preeclampsia, among iTTP survivors may also contribute to the increased risk of preeclampsia observed even after iTTP recovery (80, 89, 90). Though we do not have prospective studies to inform best practices for managing subsequent pregnancy in women with iTTP, these data support ADAMTS13 monitoring prior to and during pregnancy and the use of rituximab to improve ADAMTS13 activity prior to pregnancy (93).

For pregnant individuals with a history of iTTP, monitoring of platelet counts and ADAMTS13 activity is recommended at least once per trimester although our approach is to check monthly. Recurrent iTTP during pregnancy should be treated with plasma exchange and corticosteroids; rituximab may be deferred until after pregnancy given the potential effects on the fetus. If ADAMTS13 activity drops to 10–20% in the absence of thrombocytopenia and other signs of microangiopathy, low dose corticosteroids may be considered in an attempt to increase ADAMTS13 activity. If the ADAMTS13 activity drops below 10%, prophylactic plasma exchange may be considered (82). We prefer to avoid rituximab and other immunosuppressive medications in pregnancy due to concerns of safety. Low dose aspirin therapy as preeclampsia prophylaxis may also be considered (94, 95).



Conclusion and future directions

Advances in the management of TTP have dramatically improved outcomes of acute iTTP episodes, and TTP is now appropriately treated as a chronic, relapsing disorder. Other adverse health outcomes in iTTP survivors include increased mortality, high rates of cardiovascular disease, cognitive impairment, and poor mental health outcomes. In addition to traditional cardiovascular risk factors, recent data suggests that low ADAMTS13 activity is a risk factor for some of these outcomes, particularly stroke. Recent research also suggests that Black patients, who represent the majority of patients with iTTP in the United States, are at higher risk of relapse and adverse cardiovascular outcomes (17, 32). Additional research is required to understand the risk factors and mechanisms underlying these complications, to establish strategies for screening, and to identify interventions to improve outcomes that can be tested in clinical trials (Figure 4). We anticipate that the more widespread use of rituximab for first episodes of iTTP and for preemptive therapy may reduce the burden of some vascular complications to the extent that they are mediated by ADAMTS13 deficiency, although other factors are also likely to be involved. The role of recombinant ADAMTS13 in acute iTTP as well as in remission remains to be defined. As for all ultra-rare disorders, this will require multicenter studies, with national and international collaboration, and collaboration with patient advocacy groups that have facilitated rare disease research.


[image: image]

FIGURE 4
Opportunities to mitigate risk and improve long term outcomes in iTTP.


The future of iTTP will be focused on optimizing outcomes in survivors.
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Total body irradiation (TBI) has been an essential component of the conditioning regimen in hematopoietic cell transplantation for many years. However, higher doses of TBI reduce disease relapse at the expense of more significant toxicities. Therefore, total marrow irradiation and total marrow and lymphoid irradiation have been developed to deliver organ-sparing targeted radiotherapy. Data from different studies show that TMI and TMLI can be safely administered in escalating doses in association with different chemotherapy conditioning regimen protocols, in situations with unmet needs, such as multiple myeloma, high-risk hematologic malignancies, relapsed or refractory leukemias, and elderly or frail patients, with low rates of transplant-related mortality. We reviewed the literature on applying TMI and TMLI techniques in autologous and allogeneic hematopoietic stem cell transplantation in different clinical situations.
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Introduction

Total body irradiation (TBI) has been an essential component of the conditioning regimen in hematopoietic cell transplantation (HCT) for many years. In patients with malignant diseases, the conditioning regimen has two main objectives: (1) to reduce tumor burden and disease relapse after transplant and (2) to provide sufficient immunoablation to prevent rejection. TBI has been widely used due to its immunosuppressive profile and effectiveness against leukemias and lymphomas, even in sanctuary sites such as the brain and testes (1). Higher doses of TBI reduce disease relapse at the expense of more significant toxicities, especially in the lungs, liver, bowel, thyroid, and gonads. It also leads to impaired growth and development in children, fertility issues, secondary malignancies, and increased transplant-related deaths (2). To decrease organ toxicity, fractionated TBI was an effective strategy due to a higher proportion of intact repair mechanisms retained in normal tissues as opposed to cancer cells (3), and hyperfractionated TBI and partial lung shielding have reduced fatal interstitial pneumonitis from 50% in the single-dose regimen to 18%, with 100% engraftment rate (4).

The need for reducing TBI toxicity to critical organs while increasing doses to selected targets through technical optimization has emerged as an essential need for the bone marrow transplant team and radiation oncologists. Total marrow irradiation (TMI) and total marrow and lymphoid irradiation (TMLI) were developed to deliver organ-sparing targeted radiotherapy using intensity-modulated radiation therapy (IMRT). The term TMI is usually used if the target is the bone and bone marrow, and TMLI adds the spleen and major lymph node chain. As a result, radiation to structures such as the lenses, oral cavity, thyroid, parotid glands, esophagus, lungs, heart, liver, stomach, kidneys, urinary bladder, genitalia, and small bowel are usually minimized.

Total marrow irradiation was usually used in autologous HCT for multiple myeloma and TMLI in allogeneic HCT (5). Data from different studies show that TMI and TMLI can be safely delivered at an escalated dose in association with different chemotherapy conditioning regimen protocols. Our objective is to review literature data regarding conditioning regimes and the application of TMI techniques in autologous and allogeneic TMI. Thus, we performed a search in PubMed with the following strategy: (“Total marrow”[Title]) OR (“Targeted marrow”[Title]) OR (“Targeted-marrow”[Title]) OR (TMI[Title] AND transplant*[Title]).



TMI treatment planning

The main targets for TMI planning purposes are bones and bone marrow. For TMLI, the spleen and major lymph node chains are also included. Depending on the institution's protocol, the liver, brain, and testes may also be included. There are several protocols with different radiation dose prescriptions, ranging from 6 to 20 Gy (5, 6). The irradiation protocol starts with the simulation, outline of targets and organs at risk (OAR), planning (dose calculation) and, finally, the delivery of the treatment.

A computed tomography (CT) scan with 5–10 mm is performed for the simulation. Patients usually stay in the supine position, with immobilization devices such as vacuum bags and/or thermoplastic masks. In addition, 4D CT scans of the chest and abdomen may be utilized to account for any organ movement during respiration (5).

The contouring begins with defining the target volumes and the avoidance structures. First, the clinical target volume (CTV) is defined as the spleen and entire bony skeleton, excluding the mandible. After that, anisotropic margins to account for possible uncertainties in beam alignment, patient positioning, organ motion, and organ deformations are generated to create the planning target volume (PTV). Avoidance structures, also known as organs at risk, include lenses, parotid glands, oral cavity, thyroid, esophagus, lungs, heart, liver, stomach, kidneys, small bowel, urinary bladder, and genitalia (6).

The treatment may be delivered by a regular linear accelerator (LINAC) or TomoTherapy® (combines intensity-modulated radiation therapy (IMRT) with a spiral delivery pattern). For LINAC, the planning is generated using 4–5 isocentric volumetric modulated arc therapy techniques to the upper body. The lower extremities are planned and treated with junctioned AP-PA fields (7, 8). Volumetric imaging (image-guided radiation therapy – IGRT) is used for daily patient setup (5).



TMI in autologous HCT

Total marrow irradiation in autologous conditioning regimen for multiple myeloma was pioneered by Einsele et al. (9). Eighty-nine patients with stage II–III multiple myeloma, de novo or pretreated, received TMI 9 Gy, 12 mg/kg oral busulfan (equivalent to 9.6 mg/kg intravenous busulfan), and cyclophosphamide 120 mg/kg in patients. Three patients had sinusoidal obstruction syndrome (SOS). Transplant-related mortality was as low as 2%. Median progression-free survival was 36 months for patients with de novo MM. Complete response increased from 2% to 44% following chemoradiotherapy (Table 1). In the current days, the use of intravenous busulfan may attenuate the incidence of SOS.


TABLE 1 Clinical results of TMI in autologous transplants for multiple myeloma.
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Cailleteau et al. (10) reported the results of a phase I trial of melphalan 140 mg/m2 combined with TMI before autologous HCT for patients in their first relapse. Thirteen patients were included. Four dose levels were explored: 8 Gy, 10 Gy, 12 Gy, and 14 Gy. The dose administered to the lungs was systematically below 8 Gy. Maximum tolerated dose was not reached, and the rate of acute toxicity was low. Pre-TMI rate of CR was 15% and the post-TMI rate of CR was 31%, showing that TMI increased the depth of response in these patients without increasing toxicity. Patel et al. (13) combined up to 9 Gy of TMI with melphalan 200 mg/m2 in 12 patients with relapsed myeloma. The maximum tolerated dose was not achieved, there was no grade 4 non-hematologic toxicity, and median overall survival was around 3 years. Although feasible, maximal doses of TMI and melphalan, when combined, have yet to be established.

Ladbury et al. (11) reported the results of a unicentric protocol that included a second autologous HCT with single-agent TMI (doses: 10–18 Gy) after a first transplant based on melphalan 200 mg/m2. Thirty patients received the second HCT based on TMI. The maximum tolerated dose was 16 Gy. In a long follow-up (12.3 years among survivors), the progression-free survival at 10 years was 20%. There were five cases of secondary malignancies and an additional five cases of non-melanoma skin cancers. Somlo et al. (15) also tested a second high-dose therapy based on TMI (doses: 10–18 cGy) in 22 patients. The maximum tolerated dose was also 16 Gy. In a quite similar strategy, Giebel et al. (12) published the results of a tandem HCT strategy with 12 Gy in the first course and melphalan 200 mg/m2 in the second one. Fifty patients were included. Five-year progression-free survival was 55%. The authors showed the anti-myeloma activity of TMI monotherapy since VGPR increased from 46% to 74% after the first transplant and 86% after the second transplant. The rate of complete response changed from 10% before the first auto-HCT to 42% after tandem transplantation. Non-hematological complications were infrequent and only 14% of patients had mucositis grades 2–4. Both studies have shown that the maximal dose of TMI, when used as a single agent, is 16 Gy.

Lin et al. (14) tried to compare the results of autologous HCT for multiple myeloma with TMI 8 Gy combined with melphalan 140 mg/m2 with single-agent melphalan 200 mg/m2, but the small number of patients hampered further analyses.

Most of these reports do not represent the current practice in multiple myeloma, and these strategies should be tested in the context of highly active induction regimens and maintenance therapy.



TMI in matched-related and unrelated HCT

The safety and efficacy of TMI and TMLI as part of the conditioning regimen in allogeneic HCT have been evaluated in different publications over the years (Table 2).


TABLE 2 Clinical results of TMI/TMLI in matched-donor allogeneic transplants.
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Ali et al. (6) evaluated RIC conditioning with busulfan (2 days) and fludarabine with TMI 6 Gy in 26 patients with high-risk hematologic malignancies not eligible for myeloablative transplantation. In this publication, the median age was 64 years, and 73% had active or measurable residual disease at transplantation. They included 18 matched-unrelated donors, five matched sibling donors, and three haploidentical donors. All patients engrafted neutrophils. The 1-year overall survival was 65%, the 1-year TRM was 4%, and the 1-year cumulative incidence of relapse was 43%, demonstrating a feasible intensification of RIC conditioning with TMI in medically frail patients with high-risk disease. These results show that low-dose TMI combined with a RIC conditioning regimen leads to a high engraftment rate. The relapse rate was relatively high, although the frequency of active disease prior to HCT was also high.

Reduced-intensity conditioning (RIC) may provide reasonable disease control in frail patients with high-risk hematologic malignancies undergoing allogeneic HCT. Wong et al. (28), Rosenthal et al. (24), and Jensen et al. (20) prospectively studied the association of a RIC conditioning regimen with melphalan and fludarabine associated with TMLI 12 Gy. Wong et al. evaluated toxicities in eight patients with hematologic malignancies with this conditioning regimen, and grades 2–3 nausea, vomiting, mucositis, and diarrhea were observed, with no grade 4 non-hematologic toxicity. Rosenthal et al. (24) included 33 patients over 50 years or with compromised organ function and showed the median time to neutrophil engraftment of 14 days, 1-year OS of 75%, 2-year NRM of 25%, and 21% deaths due to progressive disease. Jensen et al. evaluated the clinical outcomes of 61 patients with a median age of 55 years and 5-year OS, NRM, and relapse were 44%, 33%, and 26%, respectively (20).

Ogawa et al. (16) tested myeloablative conditioning consisting of cyclophosphamide 60 mg/kg/day for 2 days and TMLI with doses of 14, 16, and 18 Gy for 3 days in 3+3 design in nine patients with acute lymphoblastic leukemia or chronic myeloblastic leukemia with unrelated donors. All patients achieved neutrophil engraftment at a median of 19 days. No patient showed dose-limiting toxicities, and 1-year overall survival was 83.3%. There were three disease relapses and no documented TRM. Stein et al. (21) evaluated TMLI with a dose ranging from 12 to 20 Gy in 51 patients with active relapsed/refractory leukemia undergoing HCT with matched-related or unrelated donors, combined with cyclophosphamide and etoposide. The maximum tolerated dose was 20 Gy. All patients had neutrophil engraftment at a median of 15 days. In this high-risk population, 88% of patients achieved complete response at D+30. With a median follow-up of 24.6 months, 33 patients relapsed. The 1-year OS was 55.5%, and the 1-year TRM was 3.9%. Hui et al. (22) evaluated TMI in a phase I dose-escalation trial with 12 patients who received conditioning therapy with cyclophosphamide and fludarabine in conjunction with TMI at 15 Gy and 18 Gy (in 3 Gy/fractions) while maintaining TBI dose to vital organs at < 13.2 Gy. The median time for neutrophil recovery was 26 days. The 1-year OS was 42%, 1-year relapse was 36%, and 1-year TRM was 42%. Although excessive specific organ toxicity was not found, the authors decided to suspend enrollment in the 18 Gy arm due to 50% transplant-related mortality. In summary, these studies show that higher doses of TMI combined with cyclophosphamide-based chemotherapy are feasible and that the maximum tolerated dose of TMI might not have been reached.

In a phase I trial published by Patel et al. (23), TMI 3 Gy, 6 Gy, 9 Gy, and 12 Gy were combined with myeloablative fludarabine and busulfan in 14 patients with high-risk hematologic disease undergoing HCT with HLA-matched related, unrelated, or mismatched donor using peripheral blood grafts. All patients engrafted promptly at a median of 15 days. Extrahematologic toxicities were limited to grades 1–2. With a median follow-up of 3 years, the OS was 50%, with four deaths caused by transplantation-related complications and three due to relapse.

Wong et al. (25) presented 2 phase I trials of a combination of TMI with higher-intensity chemotherapy in patients with advanced leukemias. The first trial consisted of a TMI dose of 12–15 Gy combined with etoposide (60 mg/kg) and cyclophosphamide (100 mg/Kg). The median age of the 12 included patients was 33 years, with a median follow-up of 14.7 months, and five patients remained in CR, and no dose-limiting toxicity was achieved. The second trial consisted of TMI 12–15.5 Gy associated with busulfan (4 days) and etoposide (30 mg/kg). They included 20 patients with a median age of 41 years. Grade 4 dose-limiting toxicities were seen at 13.5 Gy (stomatitis and hepatotoxicity) (25). Therefore, doses of TMI combined with higher-intensity, busulfan-based chemotherapy, probably should be limited to 12 Gy.

Haraldsson et al. (18) compared 37 patients who underwent allogeneic transplants and received TMI to a retrospective control of 33 patients that had received TBI. Dose distribution for TMI patients was kept to a minimum in kidneys, heart, bowel bag, and liver. The 1-year GVHD-free, relapse-free survival (GRFS) was 67.5% for TMI and 39.4% for TBI (p = 0.03), and this difference was higher in patients receiving MUD HCT (p < 0.01). No significant differences in neutrophil recovery, overall survival (OS), transplant-related mortality (TRM), or relapse were found. Therefore, compared with TBI, TMI may offer superior results in terms of GRFS. A recent study compared dosimetric changes in irradiation received by the target volume and organs at risk between TBI and TMI plans. The authors theoretically calculated TMI plans for 35 patients who had already received TBI conditioning. In this analysis, TMI significantly reduced the dose in organs at risk, with mean dose reduction in the liver by 49% and spleen by 55–59%, and achieved the prescribed dose in the target volume (29).

Shi et al. (19) evaluated 61 patients with hematologic malignancies who underwent HLA-matched related or unrelated HCT with peripheral blood stem cells. In eight patients, the conditioning regimen consisted of TMI, and in 53 patients, TMLI. Patients received 8 Gy in the bone marrow in a single day treatment and 10 Gy in the involved field in two fractions a day associated with GVHD prophylaxis with tacrolimus and sirolimus. None of the patients had grades 3–4 non-hematologic toxicities. The 2-year OS was 74.7%, 2-year TRM was 5%, and the relapse rate was 27%, demonstrating that the hypo-fractionation TMI/TMLI scheme may be an alternative in this scenario.

Graft-vs.-host disease (GVHD) is a significant cause of morbidity and mortality after allogeneic stem cell transplantation, and comparisons between haploidentical HCT with post-transplant cyclophosphamide (PTCy) and unrelated donor (URD) HCT have shown comparable overall survival with lower incidences GVHD with PTCy. Therefore, in recent years, PTCy has been expanded to matched transplants. Stein et al. (17) have recently published a study testing TMLI at 20 Gy with PTCy for patients with acute myeloid leukemia in the first or second complete response undergoing matched donor allogeneic HCT. The patient safety lead-in segment followed a 3+3 dose expansion cohort of up to 12 additional patients. PTCy was administered 50 mg/kg on days +3 and +4 after infusion, and tacrolimus was given until day +90 and then tapered. All patients were engrafted. The authors demonstrated the feasibility of a chemotherapy-free conditioning regimen with a 2-year OS of 86.7%, 2-year TRM of 0%, 2-year relapse of 16.7%, and GRFS rate of 59.3% after a median follow-up of 24.5 months.

Another recent study evaluated 50 patients with hematologic malignancies who underwent conditioning with fludarabine, thiotepa, cyclophosphamide, and TMLI total dose of 13.5 Gy and TLI of 11.5 Gy. They included 11 matched-related donors and 39 haploidentical donors. Patients received donor regulatory T cells and conventional T cells before infusion, followed by CD34+ selected grafts on day 0, with no pharmaceutical immunosuppressive therapy. Eighteen patients (36%) had grade II acute GVHD, and the mean TMLI dose to the whole intestine was 7.1 Gy (30).

Extramedullary (EM) relapse in patients receiving TMI or TMLI is a concern in allogeneic HCT. Kim et al. (31) evaluated 101 patients enrolled in TMLI trials between 2006 and 2012, with total radiation doses ranging from 12 to 15 Gy. In this population, EM relapse occurred in 13 patients (12.9%) and bone marrow relapse in 25.7%, comparable to published results with regimens including TBI. Of the 13 patients, seven had the extramedullary disease before HCT, which was the only significant predictor of subsequent EM disease (31).

As TMI decreases radiation in organs at risk and allows dosage escalation to improve oncologic outcomes, subsequent malignant neoplasms (SMNs) are another concern. Han et al. (32) retrospectively compared the estimated radiation-induced, organ-specific, secondary solid-tumor rates in 20 patients who received TMI (10 patients received 12 Gy and 10 patients 20 Gy with 12 Gy to the brain and liver) to a generated conventional TBI treatment plan with a prescription dose of 12 Gy and showed TMI could significantly reduce overall radiation-induced secondary solid-tumor. Another recent publication compared SMN in patients submitted to TBI (171 patients) or TMI-based conditioning regimens (171 patients) to a 12–20 Gy dose. TMI patients received higher radiation doses (16 Gy vs. 13.2 Gy), with no significant difference in the risk of SMN in the two cohorts (nine patients in the TBI group and 10 in the TMI group), and no patients developed a subsequent hematologic malignancy (33).



TMI in haploidentical HCT

Using the PTCy platform has revolutionized haploidentical HCT with low rates of GVHD and TRM. However, relapse remains a concern in high-risk patients. In this context, TMI and TMLI may be an alternative to reduce toxicities without hampering disease control (Table 3). A recent phase I trial has been published, including 31 patients with high-risk leukemias or myelodysplastic syndrome. The conditioning regimen was based on TMLI with increasing doses from 12 to 20 cGy associated with fludarabine and cyclophosphamide. PTCy with tacrolimus and mycophenolate mofetil was the GVHD prophylaxis. All patients achieved neutrophil recovery at a median of 17 days. In addition, the authors demonstrated a 2-year NRM of 13%, a cumulative incidence of grade II to IV acute GVHD at day 100 of 52%, and acute GVHD grades III to IV of 6%. In the group of patients who received recommended TMLI dose at 20 Gy, 1-year overall survival was 83% and 1-year relapse of 17% (26), demonstrating the feasibility and safety of TMLI combined with PTCy.


TABLE 3 Clinical results of TMI/TMLI in haploidentical allogenic transplants.

[image: Table 3]

Sarina et al. (27) evaluated TMLI 2 Gy instead of TBI 2 Gy associated with a non-myeloablative (NMA) conditioning regimen with cyclophosphamide, fludarabine in patients who underwent haploidentical transplantation with PTCy, calcineurin inhibitor, and mycophenolate mofetil. Fifty-nine patients were included in TMLI and 37 in the TBI group, and, in multivariable analysis, TMLI did not influence OS, TRM, or PFS compared with TBI. This finding is relatively expected since TBI 2 Gy is seldom toxic.

Ali et al. (6) have included three haploidentical transplants in the cohort of patients with high-risk hematologic malignancies submitted to RIC Bu/Flu conditioning associated with TMI. These patients received tacrolimus, MMF, and PTCy, and the authors showed the feasibility of this association in frail patients, although the low number of patients hampers further conclusions.

In summary, these studies show that TMLI and TMI in doses up to 20 Gy are feasible with PTCy and RIC or NMA conditioning regimens. To the best of our knowledge, there is no data on TMLI or TMI combined with myeloablative doses of chemotherapy and PTCy.



Discussion

The data reviewed herein show that TMI and TMLI are feasible and safe and may reduce TBI toxicities associated with different chemotherapy protocols. Furthermore, it can be delivered to other populations, but only a few prospective trials have been published so far, with small samples restricted to phase I or II clinical trials.

In the autologous HCT scenario, some trials with multiple myeloma patients have been done. Multiple myeloma is caused by the abnormal proliferation of plasma cells and accounts for about 15% of all hematological malignancies (34). Over the last 20 years, autologous HCT has been considered the standard therapy for transplant-eligible patients with multiple myeloma, as it improves progression-free survival compared to schemes without HCT, even with new therapies in recent years (35, 36). The most frequently used conditioning regimen is melphalan 200 mg/m2, but different schemes have been evaluated to increase response rates and progression-free survival. Since multiple myeloma is highly sensitive to radiotherapy, some studies have evaluated the combination of chemotherapy with total body irradiation (TBI), but with no benefit in overall survival because of increased toxicities (37, 38). In this scenario, TMI was evaluated in association with different chemotherapy protocols or as a second HCT and showed that high doses of TMI may be delivered upfront or in the relapse setting. However, as the treatment of multiple myeloma has been revolutionized with new treatments in recent years, these strategies should be tested in the context of highly active induction and maintenance regimens.

In the allogeneic HCT scenario, higher intensities of the conditioning regimens reduce the chance of relapse of the underlying disease (39), at the expense of increased transplant-related mortality, including regimens with TBI (40).

For elderly patients or patients with comorbidities, different reduced-intensity conditioning protocols have been increasingly used, and a conditioning regimen that changes the balance point with lower transplant-related mortality and higher cure rates is desirable. Therefore, TMI and TMLI may be an alternative to these frailer patients. Their feasibility and safety have been demonstrated, with engraftment rates similar to those found with other conditioning regimes, even in haploidentical HCT and associated with PTCy. In addition, the relapse rates of these RIC regimens with high doses of TMI are encouraging. On the other hand, high doses of busulfan combined with TMI may enhance the antileukemic effect of the conditioning regimen and be an option for younger patients with high-risk leukemia.

The technological gap limits the widespread use of TMI and TMLI. Technical issues in precise radiotherapy are challenging, and manual contouring of targets may take long periods (41). To increase clinical experience and the number of clinical trials with this strategy, it is necessary to develop uniform planning and treatment guidelines in radiation oncology departments and a collaborative effort between radiation oncology and the hematology team. In addition to that, the optimum chemotherapy association for each population still needs to be defined, and comparative trials with other conditioning regimen strategies are needed (42).



Conclusion

In conclusion, TBI has been widely used in HCT at the expense of more significant toxicities. TMI or TMLI addresses the need to reduce the toxicity of TBI to critical organs while increasing the dose to selected targets through technical optimization. This strategy has been used safely and effectively in autologous HCT for multiple myeloma and allogeneic HCT for hematologic malignancies at escalating doses in combination with different chemotherapy regimen protocols. The main benefits of this technique are the possibility of intensifying the conditioning regimen, which leads to a reduced chance of relapse, without increasing transplant toxicity and transplant-related mortality. The main limitations are the availability and training of staff in this technique, long periods for manual contouring of targets, and lack of randomized studies compared with other conditioning regimens. In clinical practice, this technique can be used in association with non-myeloablative conditioning regimens in transplants of unfit or elderly patients due to its low toxicity, reducing relapse rates, including haploidentical transplantation, and also in association with myeloablative conditioning in transplants of young patients with high-risk hematological malignancies.
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Regulatory T-cell (Treg) immunotherapy has emerged as a promising and highly effective strategy to combat graft-versus-host disease (GvHD) after allogeneic hematopoietic cell transplantation (allo-HCT). Both naturally occurring Treg and induced Treg populations have been successfully evaluated in trials illustrating the feasibility, safety, and efficacy required for clinical translation. Using a non-mobilized leukapheresis, we have developed a good manufacturing practice (GMP)-compatible induced Treg product, termed iG-Tregs, that is enriched in cells expressing the potent immunosuppressive human leucocyte antigen-G molecule (HLA-G+). To assess the safety and the maximum tolerable dose (MTD) of iG-Tregs, we conduct a phase I–II, two-center, interventional, dose escalation (3 + 3 design), open-label study in adult patients undergoing allo-HCT from an HLA-matched sibling donor, which serves also as the donor for iG-Treg manufacturing. Herein, we present the clinical protocol with a detailed description of the study rationale and design as well as thoroughly explain every step from patient screening, product manufacturing, infusion, and participant follow-up to data collection, management, and analysis (registered EUDRACT-2021-006367-26).
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Background and rationale

Allogeneic hematopoietic stem cell transplantation (allo-HCT) has become a standard treatment for patients with marrow failure syndromes and hematologic malignancies such as acute leukemia. More than 20.000 allo-HCTs are performed every year in Europe with the numbers increasing (1). During allo-HCT, the patient is prepared with a conditioning regimen (e.g., chemotherapy and radiotherapy) to eliminate existing hematopoiesis and immune system followed by the administration of hematopoietic stem cells harvested from the donor. The graft will in turn engraft, proliferate, and finally reconstitute hematopoiesis and lymphopoiesis in the recipient (2). The therapeutic potential of this high-risk intervention relies on the ability of the engrafting immune system to mount a highly effective, alloreactive immune response against leukemia, termed the graft-versus-leukemia effect. However, this treatment is often accompanied by the occurrence of graft-versus-host disease (GvHD), a common life-threatening complication in which donor T cells attack the host’s normal tissues, which can occur early (acute, aGvHD) or later (chronic, cGvHD) after allo-HCT. GvHD can occur despite aggressive prophylaxis even when the donor is a matched HLA-identical sibling (3). Despite ground-breaking discoveries in GvHD pathobiology and advances in our understanding of the underlying mechanisms of this disease, conventional immunosuppressive pharmacotherapy remains the mainstay of GvHD prophylaxis and treatment. In particular, GvHD prophylaxis relies on the administration of calcineurin inhibitors, anti-T-lymphocyte agents, methotrexate, mycophenolate mofetil, or more recently post-transplantation cyclophosphamide. Acute and chronic GvHD treatment depends mostly on corticosteroids. Only during the past few years have other drugs gained approval as second-line treatment, such as Janus kinase 1/2 (JAK1/2), Bruton’s tyrosine kinase (BTK), or Rho-associated coiled-coil-containing protein kinase-2 (ROCK2) inhibitors, and real-life data for their efficacy need to be collected. GvHD and its currently available immunosuppressive treatment still pose the principal cause of post-transplant impairment of quality of life, morbidity (35–50%), and mortality (20–30%) after allo-HSCT, and in particular, patients with refractory GvHD have a dismal prognosis (4). Subsequently, the necessity for the development of novel preventive and therapeutic strategies is warranted.

A very promising alternative strategy against GvHD is immunotherapy using the adoptive transfer of T cells with regulatory properties (Tregs) as a living drug aiming to avoid prolonged pharmacological immunosuppression. There is convincing evidence in pre-clinical models and promising data from early-phase clinical trials that immunotherapy with naturally occurring Tregs (nTregs) is feasible, safe, and can suppress exuberant immune activation (5–9). However, their low numbers in the periphery and the lack of specific cell surface markers for efficient purification challenge the clinical translation of nTregs. We and other researchers attempt to overcome these hurdles by developing protocols for the ex vivo generation of stable induced Treg (iTreg) products of a defined phenotype that can be easily manufactured for clinical purposes. Some of these products have proceeded to phase I/II clinical studies showing the feasibility and safety of this approach with encouraging results (10, 11). Our approach aspired to mimic the physiological mechanism of the successful immune tolerance transpiring during pregnancy, where the human leukocyte antigen-G (HLA-G), a well-known immunoregulatory molecule, is expressed in the placenta, thereby protecting the “semi-allogeneic” fetus from maternal immune rejection (12). As the HLA-G gene is epigenetically repressed after prenatal life and the methylation status of the HLA-G promoter regulates its transcriptional activity, we showed in small-scale in vitro experiments that exposure of human peripheral T cells to hypomethylating agents (azacitidine or decitabine) induces a de novo and stable expression of HLA-G, in turn, converting them to Tregs with in vitro immunosuppressive functions (13, 14). Subsequently, we developed and validated the manufacturing process of an HLA-G+ regulatory T-cell-enriched product, termed iG-Tregs, that exerts its suppressive function through the HLA-G using a clinical scale and good manufacturing practice (GMP)-grade protocol (15). iG-Tregs can be consistently and robustly produced and display suppressive properties with a favorable safety profile both in vitro and in vivo (manuscript in preparation). Herein, we present the protocol of the ongoing phase I/II clinical study for the evaluation of iG-Tregs against GvHD in the context of HLA-matched sibling donor allo-HCT.



Study setting

This is a phase I–II, two-center, interventional, dose escalation, open-label study of iG-Tregs as GvHD prophylaxis in adult patients undergoing HLA-matched sibling donor HCT (Group A). The study includes a dose escalation phase I cohort to define the maximum tolerable dose (MTD) and an extension phase II cohort at the selected MTD. The primary objective is to assess the safety of ex vivo generated iG-Tregs in adult patients undergoing HLA-matched sibling donor HCT and the secondary objective is to assess the clinical efficacy in preventing GVHD. Patient enrollment will also be enabled for an ancillary study for the clinical evaluation of iG-Tregs in the treatment of patients with cGvHD refractory to at least two lines of treatment (Group B; Supplementary Data).

The clinical study will be conducted at the bone marrow transplantation (BMT) unit of the University General Hospital of Patras (UGHP), Rio, Greece, and HCT Unit (HCTU), “George Papanicolaou” Hospital, Thessaloniki, Greece, which are both equipped with GMP facilities and allo-HCTs are routinely performed according to the Joint Accreditation Committee ISCT-Europe & EBMT (JACIE) standards (16). The current protocol has received approval from competent authorities (National Organization for Medicines: IS 129-22, National Ethics Committee: 181/22) and is registered in the European Union Drug Regulating Authorities Clinical Trials (EUDRACT) database (2021-006367-26).



Study population

Recruitment of patients focuses on adults (>16 years of age) who undergo an allo-HCT from an HLA-matched sibling donor. The sibling donor will provide the starting material for iG-Treg manufacturing. All patients will be evaluated for eligibility after allo-HCT, along with the availability and eligibility of the sibling donor for leukapheresis at day (d) 30 after allo-HCT. The sample size is determined based on the “3 + 3” design (17). Briefly, patients will receive the iG-Tregs in cohorts of three (Cohort 1: 0.1 × 106 iG-Tregs/kg; Cohort 2: 0.5 × 106 iG-Tregs/kg; and Cohort 3: 1.5 × 106 iG-Tregs/kg), in a dose escalation fashion if no dose-limiting toxicity (DLT) is documented. The occurrence of DLT in one patient leads to the extension of the cohort to a total of six patients, whereas the presence of DLT in more than one patient of a given cohort denotes that the MTD has been surpassed. During phase ΙΙ, the enrollment of an additional eight patients and infusion of the MTD or best available dose (Cohort 4) will take place to collect further information concerning the safety profile (Figure 1). Collectively, a maximum of 26 patients could be enrolled in this study.
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FIGURE 1
 Participant timeline of the iG-Tregs phase I/II clinical trial (Group A). The day of the HLA-matched sibling allo-HCT defines the beginning of the study timeline. The screening period starts 4 weeks (W) following the transplant where the eligibility of the patient and donor is assessed, and informed consent is given. At W5, the sibling donor undergoes leukapheresis, and iG-Tregs production is initiated, which requires 1 week for manufacturing and 2 weeks for quality control (QC) and product release. At W5, the patient is re-evaluated for eligibility, and if the product is released and available, the patient is included. Upon inclusion, iG-Tregs infusion takes place within 1 week (W9) at a dose according to the current recruiting cohort. During the subsequent follow-up period (W10-19), the patient is continually assessed, and cyclosporine (CsA) tapering is allowed from W13 onwards. Finally, for the extended follow-up period (W20-52) patient clinical evaluation continues and the efficacy of iG-Tregs is assessed. Allo-HCT, allogeneic hematopoietic cell transplantation; Group A refers to the patients recruited for the main study for GvHD prophylaxis; Group B refers to the patients recruited for the ancillary study for chronic GvHD treatment.



Patient inclusion criteria

1. Previous HLA-matched sibling allo-HCT at least 30 days before.

2. The following criteria must be fulfilled at the initial assessment and on the day of the iG-Treg infusion:

a. Performance status: Karnofsky ≥80%.

b. Adequate hematopoiesis and organ function.

c. Negative pregnancy test (female patients).

3. Ability to understand and willingness to sign an informed consent form.

Additional inclusion criteria for the Group B patients enrolled in the ancillary study can be found in the Supplementary Data.



Patient exclusion criteria

1. History of a GVHD grade ≥ II [according to the MAGIC criteria (18)] or administration of any first-line systematic treatment against aGvHD.

2. Patients with evidence of residual disease during the final assessment.

3. Active serious infections not responding to treatment.

4. HBV-, HCV-, or HIV-positive patients.

5. Administration of any investigation drug/product ≤28 days prior to iG-Treg infusion.



Donor inclusion criteria

1. The HLA-matched sibling donor who donated the graft for the allo-HCT of the corresponding patient will be assessed and fulfill the requirements according to institution procedures and JACIE standards to undergo leukapheresis (donor lymphocytes) without prior granulocyte colony-stimulating factor (G-CSF) infusion.

2. Age between 16 and 75 years.

3. Body weight > 40 kg and in good general health.

4. The donor must be able to understand and be willing to sign an informed consent form.

5. Negative pregnancy test (female donors).




Study timeline


Allo-HCT

The day of graft infusion is defined as d0. Succeeding the allo-HCT, the patient serially follows carefully planned visits through the screening, follow-up, and extended follow-up periods (Figure 1).



Screening period


Visit-2 (week 4 post-allo-HCT)—Patient and donor eligibility

During this visit, the patient and the sibling donor are checked for inclusion eligibility. The consent form is signed and collected.



Visit-1 (week 5 post-allo-HCT)—donor leukapheresis

The patient is screened to meet all eligibility criteria, and the sibling donor undergoes leukapheresis for the initiation of the iG-Tregs manufacturing. The donor undergoes steady-state leukapheresis according to institutional guidelines for less than 1 h yielding at least 60 mL of the leukapheresis product.



iG-Tregs manufacturing period (weeks 5–8 post-allo-HCT)

The leukapheresis product will be transferred to the GMP Unit within 24 h in order to generate the final iG-Treg product, according to a GMP-compliant protocol (15). Briefly, T cells are enriched from peripheral blood mononuclear cells, then activated for 3 days using an anti-CD3/CD28 activation agent (GMP TransAct, Miltenyi), and finally undergo hypomethylation treatment with decitabine (Dacogen, Janssen) in the presence of interleukin-2 (Miltenyi) for an additional 3–4 days. The final product is thoroughly washed four times with 10% human serum albumin in Hank’s balanced salt solution prior to the final formulation (weeks 5–6). The final cell product will first undergo quality control (QC) testing to assess cell numbers, viability, and HLA-G+ content, and the transplant center will be informed of product manufacturing completion. Each iG-Tregs product comprises a unique batch of cells intended for a specific patient. The appropriate cell dose depending on the cohort is cryopreserved. Finally, the product goes through rigorous QC testing for the final release (weeks 6–8; Table 1).



TABLE 1 Quality control testing of the final iG-Tregs product.
[image: Table1]



Visit 0 (week 8)—patient inclusion

The patient is reassessed to meet all eligibility criteria, and final product availability is confirmed. If the criteria are met, the patient is scheduled to receive the infusion of iG-Tregs within a week.




Treatment period


Visit 1 (week 9 post-allo-HCT)—iG-Tregs infusion

Thawing and intravenous infusion of iG-Tregs are performed bedside by an experienced physician. Prior to infusion, the patient will receive antihistaminic prophylaxis (dimetindene). Patients are closely monitored (pulse oximetry and vital signs) for 1 h post-infusion. If any toxicity and/or adverse event (AE, graded according to CTCAEv.4) occurs, this will be recorded and managed appropriately. Participants will be instructed to avoid steroids up to 1 week after the iG-Tregs infusion.




Follow-up period


Visits 2–13 (weeks 10–19 post-allo-HCT)

At each weekly visit, the patient is evaluated for any AE and the occurrence of aGvHD. It is emphasized that there are no drug restrictions regarding supportive care, or other treatment to prevent disease relapse while steroids should be avoided for at least up to 1 week following iG-Tregs administration. From week 13 and onward, should the patient’s status allow, a cyclosporine (CsA) tapering of a 25% weekly dose reduction can be applied until complete cessation.




Extended follow-up period


Visits 14–20 (weeks 20–52 post-allo-HCT)

The patient will be evaluated at predefined time intervals according to the investigational sites’ clinical practice protocol and the observed clinical course.





Outcomes

The current clinical trial aims to define the safety, tolerability, and MTD of the iG-Tregs (within a timeframe of 90 days following the infusion) as well as collect data regarding its clinical efficacy (within a time frame of 52 weeks following allo-HCT). The primary outcomes of this study include the (1) incidence of infusion toxicity (within 1 h after the infusion), (2) additional toxicities that may occur related to iG-Tregs infusion (e.g., the occurrence of exacerbation of GvHD, infections, and disease relapse), and (3) AEs occurring during the first 3 weeks following iG-Treg infusion, which will be accounted for the assessment of the safety profile and tolerability of each dose during the dose escalation phase.

The secondary outcomes of this study include the (1) incidence and severity of GvHD, (2) day of CsA cessation, and (3) treatment failure (includes the diagnosis of GvHD, inability to cease CsA administration until d + 150 following allo-HCT, and disease relapse).

Additional secondary outcomes for patients (Group B) enrolled in the ancillary study can be found in the Supplementary Data.



Interruption and early termination of the study

The sponsor reserves the right to suspend enrollment or terminate the study at any time as defined in the clinical study agreement for reasons including, but not limited to, insufficient data collection, low participant enrollment rate, achievement of full enrollment, conditions imposed by the regulatory authorities, non-compliance with the clinical trial protocol, or medical reasons.



Statistical methods

Given the small numbers, events will be summarized using descriptive statistics, such as frequencies and proportions. GVHD and relapse rates will be estimated as cumulative incidence curves, death in remission as a competing risk for relapse, and death without GVHD as a competing risk for GVHD. Estimates of overall survival (OS) and relapse-free survival (RFS) will be obtained by the method of Kaplan–Meier. Differences between subgroups will be compared using the Fisher exact test for categorical data and the Mann–Whitney U-test for continuous data. Statistical significance was based on p < 0.05.



Data collection, management, and monitoring

All required clinical data of this trial will be collected on standardized patient follow-up forms. Confidentiality will be maintained in accordance with current clinical research principles and the General Data Protection Regulation (GDPR), and participants’ personal information will be in a pseudonymous format. The study will be monitored by the clinical trial quality assurance company (Contract Research Organization, CRO). Data will be examined for protocol compliance and accuracy against source documents.



Research studies

Additional research studies will be conducted in conjunction with the clinical assessment of enrolled patients. Specifically, extensive patient immunophenotyping using flow cytometry, and iG-Tregs evaluation for effector cytokine production, alloreactivity in vitro and in vivo, and immune suppressive function both in vitro and in vivo will be performed. Moreover, released products will undergo T-cell receptor (TCR) repertoire next-generation sequencing (NGS)-based analysis for further characterization and in vivo tracking. Finally, serum cytokine levels will be monitored at multiple time points following product infusion.



Discussion

The present protocol aims to assess the clinical translation of a novel iTreg product targeting GvHD post-allo-HCT. Several groups have sought to prevent potentially lethal GvHD by employing adoptive immunotherapies either based on nTregs or iTregs (6–8, 10, 11). Despite the differences in product manufacturing and trial design, previous studies have paved the way for such clinical applications with promising results (19).

Throughout these protocols variability in donor selection, which have been either matched siblings (6, 11), haploidentical (8), or mismatched donors (10) is apparent. Moreover, for nTregs, these approaches have relied mostly on fresh isolation and administration (6, 8) while iTreg products have both been infused as fresh (11) or cryopreserved (10). As far as manufacturing is concerned, fresh isolation of nTregs requires specialized equipment for immunomagnetic isolation and/or flow sorting, whereas iTregs demand laborious time-consuming manufacturing with extensive QC for release. Treg products are commonly diverse in content with the dominant regulatory population varying per patient batch. For example, initial approaches with CD4+CD25+ selection were accompanied by a high proportion of activated conventional T cells, which were finally co-infused along with the intended nTreg population (8). Overall, even though these trials have recruited low numbers of patients, a phase III trial is currently ongoing, exhibiting encouraging results (7). In our study, the iG-Tregs product is manufactured consistently through a short, simple, and robust protocol (15). Notably, iG-Tregs contain a distinct regulatory population characterized by the surface expression of HLA-G, which enables easy in vivo tracking. Subsequently, the presence of HLA-G apart from mediating the suppressive function can serve as a selection marker for in-depth analysis to unravel novel modes of action. This, in turn, will shed light on which mechanism holds clinical relevance and ultimately lead to process refinement and targeted cell engineering.

Up to date, most completed and ongoing trials employing Treg immunotherapies for GvHD in the setting of allo-HCT have focused on prevention. These strategies depicted the production feasibility and safety of these cell therapies by determining the MTD at phase I studies. Common ground for these trials lies upon the infusion of the final product during the peri-transplantation period (day −4 to day 0 of allo-HCT), with the aim of promoting proper immune reconstitution. In our study, product infusion takes place at week 9 post-allo-HCT and not during the peri-transplantation period. Following MTD determination, we shall assess clinical efficacy through the ability to taper and finally cease CsA administration at an earlier time point in contrast to others, where GvHD occurrence was the main parameter. Moreover, previous work has described the effect of immunosuppressive prophylaxis—targeting calcineurin and the mammalian target of the rapamycin (mTOR) pathway—on the function of nTregs (20, 21). Hence, we cannot exclude the possibility of CsA interfering with the function of iG-Tregs, something which we are currently evaluating in vitro and in vivo. Finally, in an ancillary study, we will evaluate the safety and applicability of iG-Tregs immunotherapy as a third-line treatment for cGvHD.

Collectively, the ongoing phase I/II clinical trial of iG-Tregs constitutes an innovative approach of iTreg immunotherapy in patients undergoing allo-HCT from an HLA-matched sibling donor.
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The hemostatic and innate immune system are intertwined processes. Inflammation within the vasculature promotes thrombus development, whilst fibrin forms part of the innate immune response to trap invading pathogens. The awareness of these interlinked process has resulted in the coining of the terms “thromboinflammation” and “immunothrombosis.” Once a thrombus is formed it is up to the fibrinolytic system to resolve these clots and remove them from the vasculature. Immune cells contain an arsenal of fibrinolytic regulators and plasmin, the central fibrinolytic enzyme. The fibrinolytic proteins in turn have diverse roles in immunoregulation. Here, the intricate relationship between the fibrinolytic and innate immune system will be discussed.
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Introduction

Over the last two decades there is increasing awareness of immunothrombosis, where components of the immune system promote coagulation to limit the action of invading pathogens (1). Whilst thromboinflammation describes the inflammatory process induced by pathogens leading to platelet-neutrophil and platelet-monocyte interactions and endothelial dysfunction that promote a prothrombotic environment (2, 3). Activation of monocytes and neutrophils induces release of tissue factor (TF) promoting the extrinsic coagulation pathway, whilst intrinsic coagulation is triggered by binding of factor XII (FXII) to neutrophils (4). Additionally, activated neutrophils degranulate and expel their nuclear and cytoplasmic content to form neutrophil extracellular traps (NETs) during the neutrophil death process, NETosis (4). NETs act as a surface for assembly of procoagulant proteins including TF, FXII and von Willebrand factor (5). Furthermore, released neutrophil elastase cleaves tissue factor pathway inhibitor, thereby dampening the anticoagulant effect and contributing to fibrin persistence (6). The fibrinolytic system is responsible for limiting ongoing fibrin formation and degrading the fibrin meshwork to resolve thrombi.



Fibrinolysis

Plasmin, the central enzyme responsible for fibrin degradation is formed after cleavage of Arg561-Val562 of the zymogen form, plasminogen, via plasminogen activators (Figure 1). The primary physiological activators are tissue plasminogen activator (tPA) and urokinase (uPA). Efficient tPA-mediated plasminogen activation requires binding of both proteins to fibrin or cellular surfaces. uPA-mediated activation can occur in solution, although it can be localized to cellular surfaces via urokinase plasminogen activator receptor (uPAR) (7). The fibrinolytic system is normally tightly regulated by various inhibitors. Plasminogen activation is primarily regulated by plasminogen activator inhibitor-1 (PAI-1) which forms a 1:1 complex with the activators (8). Plasminogen activator inhibitor-2 (PAI-2) is not as efficient an inhibitor as PAI-1 but does function in uPA-mediated extracellular activity (9). The principal plasmin inhibitor is the serine protease inhibitor (SERPIN), α2-antiplasmin (α2AP) which forms a non-covalent complex with the active enzyme (10). Crosslinking of α2AP to fibrin by active transglutaminase factor XIII (FXIIIa) enhances the ability of this SERPIN to inhibit plasmin (11). Thrombin activatable fibrinolysis inhibitor (TAFI) further acts as a fibrinolytic break by removing C-terminal lysines from fibrin which are required for the binding of plasminogen and tPA.
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FIGURE 1
The fibrinolytic system in immune regulation. Plasminogen (Plg) is converted to the active enzyme plasmin (Pln) after cleavage by tissue plasminogen activator (tPA) or urokinase (uPA). This step is regulated by plasminogen activator inhibitor-1 (PAI-1), which is the primary physiological inhibitor, and plasminogen activator-2 (PAI-2). The active enzyme, plasmin, cleaves crosslinked fibrin into fibrin degradation products that can be cleared from the circulation. Alpha2-antiplasmin (α2AP) directly inhibits plasmin by forming a non-covalent complex. Activated thrombin activatable fibrinolysis inhibitor (TAFIa) exerts its effects by removal of C-terminal lysine required for plasminogen binding to fibrin. Boxes detail functions of the fibrinolytic proteins in immune regulation.




Pathogen hijacking of the fibrinolytic system

Invading pathogens take advantage of the fibrinolytic system, activating plasminogen in order to remove the confines of fibrin and extracellular matrix barriers and to evade the innate immune system (12). Indeed, certain strains of bacteria can produce plasminogen activators. Beta hemolytic strains of Streptococci possess streptokinase which induces non-proteolytic plasminogen activation by causing a conformational change that exposes the catalytic site and this complex can hydrolytically activate other plasminogen molecules (13). Staphylococcus aureus produces staphylokinase which also non-proteolytically activates plasminogen by forming a complex which generates plasmin (14). Staphylokinase is considered to be fibrin specific and in the absence of fibrin it is susceptible to inhibition by α2AP (15). Whilst Yersinia pestis, are able to proteolytically activate plasminogen and scuPA by the membrane protein Pla (16). Plasminogen contributes to lethality of Y. pestis, promoting spread of the bacteria and dampening immune cell recruitment to sites of infection [reviewed in (17)].

Additionally, a plethora of plasminogen binding proteins (e.g. α-enolase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and PAM) exist on bacteria, fungal pathogens, protozoan and helminth parasites (12, 18, 19). Bacteria utilize plasminogen to remove fibrin barriers and enable invasion through extracellular matrices both directly and indirectly by activating matrix metalloproteases (17, 19–21). Additionally, plasmin-mediated cleavage of members of the complement system and immunoglobulin facilitates immune evasion of some strains of bacteria (22, 23). Bacteria also use plasminogen as a molecular linker to enable interaction with host cells (23).

Binding of plasminogen to Cryptococcus neoformans may facilitate the ability of this fungal pathogen to cross the blood brain barrier (24). It has been suggested that the affinity for plasminogen binding could reflect the observed strain differences in virulence of C. neoformans (24). However, plasminogen may not function in promoting virulence of all fungal pathogens. Although Candida albicans binds plasminogen and can cleave fibrin when in the presence of exogenous plasminogen activators, this binding does not affect virulence or endothelial damage and therefore the in vivo significance is not known (18). Multiple species of helminth parasites possess plasminogen binding proteins that facilitate their invasion and immune evasion (19). Protozoans are also considered to use plasminogen to support their host invasion but binding varies with morphotype and age for Leishmania mexicana (25). As not all pathogens can endogenously activate the zymogen they therefore require interaction with host plasminogen activators (18).



Immune cells as sources of fibrinolytic proteins

Plasminogen activation is enhanced by assembly of plasminogen and its activators on fibrin or cellular surfaces (26–29) which also protect plasmin from inhibition by α2AP (30–32). Plasminogen receptors are found on endothelial cells, platelets, monocytes, macrophages and neutrophils [reviewed in (33)]. The multitude of plasminogen receptors have the common feature of availability of C-terminal basic residues (33). This includes binding proteins that lack a transmembrane protein (e.g., α-enolase and histone 2B), transmembrane proteins that require proteolysis to expose the C-terminal basic residue (e.g., integrins αIIbβ3 and αMβ2) and Plg-RKT a transmembrane protein synthesized with a C-terminal lysine residue (33, 34).

Plg-RKT was first identified on the surface of monocytes and macrophages and co-localizes with uPAR (35) and facilitates plasminogen activation by tPA (35) and uPA (36). Monocyte-derived uPA is required for incorporation of these cells into thrombi for efficient thrombus resolution (37). Although uPA is the predominant plasminogen activator in monocytes, stimulation with lipopolysaccharide (LPS), interferon-γ (IFN-γ) interleukin-4 (IL-4) all induce tPA secretion (38). Monocytes also express PAI-1 and are a major source of PAI-2 (39). Intracellular and secreted PAI-2 can be induced by stimulation of monocytes with thrombin and LPS (39, 40). Presence of PAI-2 in arterial and venous thrombi, presumed to be from monocytes, inhibits uPA-mediated lysis (41, 42). Both PAI-1 and PAI-2 are decreased by targeted upregulation of uPA which enhances fibrinolysis induced by monocyte-derived macrophages (43).

Thrombin activatable fibrinolysis inhibitor is also expressed by monocytes and macrophages with the level of expression being dependent on the activation status (44). Stimulation of macrophages with IL-4 downregulates TAFI expression whilst the proinflammatory stimuli IFN-γ and LPS has no effect (44). Additionally, monocytes and macrophages contain cellular FXIII-A (45, 46) which is trafficked to the membrane in association with golgi vesicles (47). IL-4 and IL-10-induced externalization of FXIII-A on monocytes stabilizes thrombi against degradation (48).

Polymorphonuclear leukocytes, assumed to be neutrophils, participate in endogenous thrombus lysis, mainly mediated by uPA with small contributions from tPA, elastase and cathepsin G (49). More recently neutrophils and their ability to form NETs have gained attention for their antifibrinolytic function. NETs consist of extruded nuclear and cytoplasmic content including histones, DNA strands and granular proteins including neutrophil elastase (4). The presence of DNA, histones and NETs inhibits plasminogen activation in vitro which can be reversed by degrading the chromatin with DNase (50, 51). Targeting DNA in vivo limits DVT growth in mice (52) and enhances tPA-mediated ex vivo thrombolysis of thrombi obtained from acute ischemic stroke patients (53, 54).

Alongside their role in promoting coagulation, platelets also regulate fibrinolysis and form part of the innate immune response. These anucleate cell fragments are packaged with granular content required for these multifaceted functions. Activated platelets expose P-selectin which facilitates interaction with the P-selectin glycoprotein ligand-1 (PSGL1) expressed on leukocytes and endothelial cells. Platelet-leukocyte interactions also occur via CD40-CD40L. These interactions allow platelets to direct leukocytes to sites of inflammation and propagate the inflammatory process (55, 56).

Platelet-rich thrombi are more resistant to lysis than erythrocyte-rich thrombi (57, 58) and platelets have largely been considered to be antifibrinolytic. Platelets are a major pool of circulating PAI-1 which is contained within the α-granules (59). Model thrombi formed at high shear rates contain elevated PAI-1 and lower tPA and plasminogen (60). This is consistent with the greater abundance of PAI-1 in platelet dense arterial thrombi compared to venous thrombi (61, 62). Platelet-derived PAI-1 is retained on activated platelet membranes, localizing to the platelet “cap” or “body” on phosphatidylserine (PS)-exposing procoagulant platelets or centrally over spread platelets (63, 64). This platelet-derived PAI-1 is functional in conferring resistance to lysis (63).

Additional anti-fibrinolytic factors contained within platelet α-granules include TAFI (65, 66), PN-1 (67), and α2AP (68, 69) which can downregulate fibrinolysis. The role of α2AP in maintaining thrombus stability may be limited as addition of circulating platelet concentration to α2AP-depeleted plasma does not protect against degradation (70). However, platelets contain a cytoplasmic pool of FXIII-A which crosslinks high molecular weight γ-dimers, α-polymers and α2AP-fibrin (71–75). Platelets retain externalized cellular FXIII-A in the “cap” region stabilizing thrombi against lysis due to crosslinking of α2AP (70). FXIII-A is also observed in platelet microparticles translocated via intracellular signaling that is calcium-independent (76).

In contrast to this, platelets support fibrinolytic activity through binding and exposure of plasminogen (28, 64, 77). Strong platelet stimulation facilitates plasminogen binding by fibrin-dependent and fibrin-independent mechanisms (64, 78). Plg-RKT accounts for binding of approximately 40% platelet-derived plasminogen (28). Plasminogen activators also localize to the platelet surface with tPA binding being fibrinogen-dependent (65). Single chain uPA is activated on the platelet surface in a mechanism of reciprocal activation with plasminogen (77).

Platelet dense granules contain polyphosphate (polyP), a biomolecule which functions in modulation of coagulation and inflammation (79). PolyP delays fibrin polymerization altering clot structure (80). The knotted fibrin structure downregulates tPA and plasminogen binding thereby inhibiting tPA-mediated fibrinolysis (81). The effect on uPA-mediated plasminogen activation may depend on the contribution of other proteins as polyP accelerates activation in a purified system (82) whilst inhibits it in a plasma-based system (83). FXII has close structural homology to tPA and uPA and as such can function as a plasminogen activator. PolyP auto activates FXII to active single chain FXII (84) which facilitates plasminogen activation (85). Platelet-derive polyP could therefore have differential roles in thrombus resolution and cellular proteolytic process depending on the surrounding environment.

During vascular insult, many of the innate cell immune responses require interaction with the endothelium. Endothelial cells are the main source of circulating tPA, and secretion occurs via both constitutive and regulated mechanisms (86). Both plasminogen and tPA can bind to endothelial cells and therefore have the potential to generate plasmin (87). Endothelial cells also secrete uPA which bind to the cell surface uPAR (88). Additionally, endothelial cells produce the fibrinolytic inhibitors PAI-1 (89, 90), PAI-2 (91), and TAFI (92) which are upregulated in response to inflammatory cytokines.

Interaction of innate immune cells within the thrombus environment could influence resolution and stability. In pulmonary thrombi, rolling neutrophils rip membrane fragments from PS-exposing platelets facilitating formation of neutrophil macroaggregates (93). It is interesting to speculate that this could act to deliver platelet-derived fibrinolytic proteins within these aggregates and may facilitate platelet-neutrophil fibrinolytic crosstalk.



The role of the fibrinolytic system in immunomodulation

Fibrinolytic proteins have a multitude of roles outside of their primary function of fibrin degradation including regulating the immune response. PAI-1 is an acute phase protein that is upregulated in response to injury, infection and inflammation (90, 94, 95) (Figure 1). Upregulation of PAI-1 is considered to be a protective mechanism important for early immune responses against bacterial pathogens, including Haemophilus influenzae (96), Pseudomonas aeruginosa (97). PAI-1 promotes bacterial clearance and limits inflammation (96). Downregulation of PAI-1 by Streptococcus pneumoniae pneumolysin is associated with increased mortality which can be reversed by administering recombinant PAI-1, protecting against alveolar haemorrhage (98).

Plasminogen activator inhibitor-1 facilitates neutrophil migration and its inhibition or deletion reduces influx at the site of injury in response to Pseudomonas aeruginosa, Escherichia coli, and Klebsiella pneumoniae infections (97, 99, 100). PAI-1 regulates IFN- γ in response to LPS and Staphylococcal enterotoxin B (101) in a mechanism independent of the plasminogen activators. PAI-1 may also have a protective role in viral infections, due to inhibition of proteases required for glycoprotein cleavage, therefore limiting viral replication (102).

TAFIa modulates inflammation by removal of C-terminal arginine or lysine residues from C3a, C5a, bradykinin osteopontin and chenerin (103–105) (Figure 1). Cleavage of C5a by TAFI is protective in inflammatory models of LPS induced acute lung injury (106), bronchial asthma (107), and rheumatoid arthritis (108). The development of post-traumatic sepsis is associated with a reduction in TAFI and increased C5a (109). Additionally, TAFI-deficient mice display enhanced neutrophil recruitment and tumor necrosis factor-α (TNF-α) and IL-6 levels in the peritoneum after Escherichia coli induced abdominal sepsis (110). This was independent of its antifibrinolytic function (110). In contrast to this, in Pseudomonas aeruginosa-induced sepsis, TAFI inhibition potentiates the effects of the antibiotic, ceftazidime and reduces organ dysfunction (111).

Plasmin(ogen) has multifaceted roles in the regulation of proinflammatory processes [reviewed in (20)]. Plasminogen is required for efficient recruitment of monocytes and lymphocytes in response to inflammation (112) and promotes macrophage phagocytosis and migration (113, 114) (Figure 1). Deficiency of plasminogen alters the expression of phagocytic genes (113). Whilst the fibrinolytic activity of plasmin is required for macrophage migration in experimental peritonitis (114). Interestingly, the absence of fibrinogen or the integrin αMβ2 reverses the requirement for plasminogen suggesting fibrinolytic activity is required to remove the physical restraint of macrophages by fibrin(ogen) (114). Plg-RKT, is upregulated during differentiation of monocytes to macrophages (35) and drives polarization to an M2-like macrophage phenotype (115). Additionally, dendritic cell phagocytosis is enhanced by plasmin which maintains these cells in an immature phenotype an reduces migration to the lymph nodes (116).

Plasminogen activators modulate the innate immune response, in mechanisms both dependent and independent of their fibrinolytic action. In a Escherichia coli-induced sepsis model, tPA deficiency caused increased bacterial loads, reduced neutrophil migration and was associated with increased mortality by a plasmin-independent mechanism (117) (Figure 1). Consistent with this, enzymatically inactive tPA blocks LPS induced increase in proinflammatory cytokines such as TNF-α, and IL-6 via low density lipoprotein receptor-related protein-1 (LRP1) and N-methyl-D-aspartic acid receptor (NMDA-R) (118, 119). However, in an ischemia/reperfusion model, tPA-mediated plasmin activity was required for neutrophil transmigration and disruption of endothelial junctions which allows further recruitment of neutrophils (120). Plasmin does not directly activate neutrophils and recruitment of these cells requires mast cell activation and leukotriene generation (120). Whilst in a stroke model, tPA-mediated plasmin generation decreased lymphocyte and monocyte counts, elevated IL-10 and TNF-α and altered splenic dendritic cell proportions (121).

Urokinase enhances monocyte differentiation into macrophages (122) and promotes neutrophil activation and migration (123). The uPA receptor, uPAR facilitates neutrophil migration in response to LPS-induced peritonitis, but this was not observed with Escherichia coli or in a polymicrobial sepsis model suggesting a compensatory mechanism may occur (124, 125). The function of uPAR on neutrophil migration is independent of its role in plasminogen activation and requires toll-like receptor signaling (125). Deficiency of uPAR promotes proinflammatory cytokines and macrophage polarization towards M1 phenotype and reduced phagocytosis in an experimental colitis model (126).

The varying roles of the fibrinolytic system in immunomodulation highlights the complex interactions which must be carefully balanced so as not exacerbate the inflammatory response and promote a prothrombotic environment.



Dysregulation of fibrinolysis

Fibrinogen is an acute phase protein that dramatically increases during infection due to enhanced hepatic synthesis (127). Fibrin films form on the outside of blood clots which limit bacterial infiltration (128). However, aberrant fibrin accumulation contributes to development of a prothrombotic environment. During acute bacterial or viral infections, thrombotic complications can arise including deep vein thrombosis (DVT) and pulmonary embolisms (PE) (129, 130), acute myocardial infarction (AMI) (131, 132) and strokes (132). Thrombotic events occurring after infections affect various organ systems including respiratory, urinary and oral (133). The risk of thrombosis is higher in the first weeks succeeding infection and falls gradually after the initial infection (129). Consistent with a prothrombotic response to infection, seasonal variability in occurrence of AMI has been observed (134). The underlying mechanisms of the prothrombotic state are not fully understood. However, derailment of the fibrinolytic system is often a contributing factor to this.

Sepsis, a life-threatening response to infection, leads to tissue and organ damage and has a mortality rate of approximately 30%, although this is higher with older age or pre-existing conditions (135). As a result of the inflammatory state development of disseminated intravascular coagulation (DIC) can occur. This causes systemic dysregulation of coagulation and fibrinolysis resulting in depletion of coagulation factors and platelets and hemorrhaging. Platelet count is associated with severity, being significantly reduced with development of septic shock (136).

Plasmin(ogen) has a protective role in sepsis and levels are reduced with disease severity (137). However, a hypofibrinolytic state predominates in sepsis, largely due to elevated levels of PAI-1. Indeed, PAI-1 is a potential biomarker of disease severity and predictor of mortality (138). Initially, increased tPA and plasmin generation may predominate peaking at 2 h at which point TNF-α induces a steep increase in PAI-1 (139). Patients with the PAI-1 polymorphism 4G/5G, which is associated with elevated PAI-1 levels, are at increased risk of mortality from sepsis (140, 141). NETs may contribute to the elevated PAI-1 in sepsis as PAI-1 is downregulated in petidylarginine deiminase-4 (PAD-4) deficient mice which are unable to form NETs (142). NETs further contribute to a hypofibrinolytic state in sepsis due to the presence of cell-free DNA, an effect that can be overcome by DNase (143).

Hypofibrinolysis in sepsis may be further precipitated by other antifibrinolytic proteins. PAI-2 is not normally detected in healthy neutrophils but in patients with sepsis significant levels are present (144). Activation of TAFI could also be a contributing factor to the development of sepsis DIC (145). Interestingly, the TAFI Thr325 Ile/Ile single nucleotide polymorphism, which has increased antifibrinolytic potential, is associated with increased risk of contracting meningococcal disease and risk of mortality (146).

Acute respiratory distress syndrome (ARDS) is a hyperinflammatory condition that occurs in response to infection characterized by heightened alveolar-capillary permeability leading to extrusion of plasma proteins and inflammatory cytokines. This results in enhanced leukocytes and platelets recruitment to the lung microvasculature (147–149). Respiratory dysfunction and right heart failure develops, confounded by fibrin deposits which are observed in the air spaces and lung parenchyma due to the procoagulant environment along with hyaline-membranes and fibrosis (150–153).

Fibrin persistence is exacerbated by the inflammatory environment which promotes an imbalance in the fibrinolytic factors. Of note, PAI-1 synthesis is upregulated by several proinflammatory cytokines. Elevated levels of PAI-1 are observed with respiratory infections including influenza (154), severe acute respiratory syndrome coronavirus (SARS-CoV) (155) and SARS-CoV2 which downregulates fibrinolytic activity (156). Elevated PAI-1 is associated with worsening disease severity after SARS-CoV2 infection (156, 157). IL-6 induces an upregulation in PAI-1 gene expression and plasma levels of both PAI-1 and tPA (158–160). In endothelial cells, trans-signaling by IL-6 causes a circular amplification of IL-6 as well as IL-8, MCP-1 and PAI-1 synthesis (161). Additionally, endothelial cells release PAI-1 in response to the acute phase reactant, C-reactive protein (CRP) (150, 162, 163). Levels of uPA antigen are unaffected in ARDs but the heightened levels of PAI-1 cause a downregulation in fibrinolytic activity in the bronchoalveolar space (150).



Therapeutic potential of targeting the fibrinolytic pathway

The appropriation of fibrinolytic system by pathogens to evade the host immune response and the varied function of fibrinolytic proteins in immunomodulation makes them potential therapeutic targets. Plasmin(ogen) binding and subsequent proteolytic activity are inhibited by lysine analogues. Lysine analogues therefore have potential in modulating the proinflammatory and immunosuppressive properties of plasmin. One such lysine analogue, epsilon aminocaproic acid (εACA), has been shown to reduce experimental Group B streptococcus meningitis and neonatal mortality rates (164). Whilst tranexamic acid (TXA), has shown promise at reducing rates of post-surgical infection (165). Furthermore, plasmin inhibition by aprotinin, εACA or TXA reduces neutrophil recruitment and may have potential to ischemia-reperfusion reduced injury (166).

On the other hand, when aberrant fibrin(ogen) develops during infection, promoting fibrinolysis is desirable. The use of recombinant tPA as an adjuvant therapy in a small retrospective study of infective endocarditis facilitated clearance of fibrin rich vegetations that encase the bacteria (167). In trauma or sepsis induced ARDS, uPA and streptokinase, were beneficial producing a significant improvement in PaO2 (168, 169). Coronavirus disease-19 (COVID-19) is caused by infection with severe acute respiratory SARS-CoV2. Severely ill patients with COVID-19 are prone to thrombosis and can develop ARDS, sepsis and multiorgan failure. Thrombolytic therapy has therefore garnered interest for treatment in severely ill COVID patients (170, 171). Initial studies indicate that tPA improves PaO2/FiO2 ratio, however, larger studies are required to establish treatment regimens and the safety profile (172, 173). Targeting the inflammatory response also has potential to correct fibrinolytic dysregulation. Indeed, blocking IL-6 with Tocilizumab decreases PAI-1 levels and this was found to be beneficial in SARS-CoV2 infection and is a recommended therapy in ICU patients (161, 174).



Summary

The fibrinolytic and innate immune systems work in concert to protect from infection and inflammation and to regulate thrombus resolution. Derailment of one system therefore influences the other. Invading pathogens take advantage of plasminogen and its activators to evade protective immune responses. Whilst immune cells are a source of fibrinolytic proteins and act as a surface for their assembly and function in thrombus resolution. The fibrinolytic system participates in host immune responses, however, dysregulation can precipitate in aberrant fibrin distribution or impede immune cell function. There is much still to learn on the interplay between the fibrinolytic and innate immune systems. Improved understanding of these intricacies could lead to development of more targeted immunothrombolytic or immunomodulating therapies.
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Background: Malaria remains a severe life-threatening disease caused by plasmodium parasites. Microscopy is widely used for malaria diagnosis. However, it relies heavily on the skills and experience of inspectors. Due to low-level medical services and the lack of skilled inspectors, misdiagnoses are frequently made in some areas.

Methods: In recent years, many successful applications of CNN models have been reported. Unlike images in the ImageNet, the image of plasmodium only has a tiny defect area with a large amount of information. In addition, the dataset is extremely unbalanced: the number of positive samples is much less than that of negative samples. This paper proposes a classification network by combining attention mechanism and ResNeSt for plasmodium detection and using self-supervised learning to pre-train the network. First, the positive samples were adopted to pre-train the network. Then, attention modules were taken to highlight the feature area. To support current and future research, we also constructed a plasmodium dataset with Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, and Plasmodium malaria and non-Plasmodium. Through self-supervised learning, a large amount of unlabeled data is used to mine the representational features, thus improving the feature extraction capability of the model and achieving higher accuracy, while saving the physician’s labeling time and improving the classification accuracy.

Results: The experiments show that our model exhibits an excellent performance and that the test accuracy, sensitivity, and specificity attain 97.8%, 96.5%, and 98.9%, respectively.

Conclusion: The AI classification method proposed in this paper can effectively assist clinicians in the diagnosis and provide a basis for the automatic detection of malaria parasites in the future.

KEYWORDS
 deep learning, plasmodium parasites, self-supervised learning, attention mechanism, automatic detecting system


1. Introduction

Malaria is a parasitosis transmitted by the bite of female anopheles. It is one of three major public health problems across the world. According to the WHO Malaria Report (1), the year 2020 witnessed 241 million malaria cases worldwide, including over 627,000 death cases. The vast majority of the cases were from Africa and Southeast Asia. Malaria was extensively distributed across Mainland China. Even at the beginning of this century, hundreds of thousands of malaria cases were discovered each year (2). With the efficacious control of malaria, the number of patients decreased year by year, and no local malaria cases had been reported by 2017 (3). The laboratory diagnosis of malaria mainly includes microscopy, rapid diagnostic tests for plasmodium antigen (RDT) and nucleic acid detection. Microscopic examination is the gold standard for malaria diagnosis thanks to its advantages of simple operation, rapidness, low cost, etc. However, the accuracy of microscopic examination depends heavily on the personal skills and experience of inspectors. With the decrease in malaria cases, microscopic examination has gradually become an inevitable trend in terms of detecting plasmodium. Over the past years, the incidence of imported malaria has gradually built up, and missed or wrong detections have been detected in microscopic examination (4). Moreover, microscopic examination requires the inspectors to have high-level skills and rich experience, leading to great differences in the detection results between different regions and different people. It is especially serious in areas with weak medical and health foundations.

There have been some works using convolutional neural networks to detect malaria parasites. Rajaraman et al. (5) evaluated the performance of deep learning-based pretrained CNN models as feature extractors in classifying infected and non-infected cells where the region of interest (ROI) was obtained by the Laplacian of Gaussian (LoG). They achieved a positive predictive value (PPV) of 94.44% with a sensitivity value of 96.20% which indicates the superiority of the pre-trained ResNet-50 (6). Peñas et al. (7) built a system that can detect the presence of malaria parasites and identify the type of parasite species in blood samples. In this study, a series of morphological transformations were implemented prior to the segmentation with connected components analysis and the classification with CNN. They showed an accuracy of 92.40% for parasite detection and 87.90% for the identification of parasite types. Liang et al. (6) designed a new CNN model with 17 layers for the classification of blood cells. The average classification accuracy of the CNN model was 97.37%, while the sensitivity, specificity and precision also reached the level of 97%. It suggested that the proposed CNN model is superior to the transfer learning model with pre-trained AlexNet. With the advent of convolutional neural networks (CNNs), better performance has been realized in image classification, object detection, attention prediction, and so on. The detection results with CNNs are not correlated with regions or inspectors. The algorithm is expected to diagnose plasmodium with CNNs. In our research, we introduced a CNN model with spatial attention modules and channel attention modules to diagnose plasmodium. Besides, data enhancement was employed to eliminate color influence. The experiments show that our algorithm achieves excellent performance.



2. Related works

Abhik Paul (7) developed three convolutional neural network (CNN) models for predicting the occurrence of malaria from images of red blood cells. Infected parasitic red blood cells and uninfected parasitic red blood cells. Finally, in the three settings, the proposed CNN setup-1, with a kernel size of 3 × 3 and a pool size of 2 × 2, achieved an accuracy of 96%.

Rahman et al. (8) transformed a malaria parasite object detection dataset into a classification dataset, making it the largest malaria classification dataset (63,645 cells), and evaluated the performance of several state-of-the-art deep neural network architectures pretrained on both natural and medical images on this new dataset. We provide deeper insights into the influence of synthetic images for the class imbalance problem in the malaria diagnosis context.

Madhu G et al. (9) developed an Imperative Dynamic routing mechanism with fully trained capsule networks for malaria classification. This model identifies the presence of malaria parasites by classifying thin blood smears containing samples of parasitized and healthy erythrocytes. Such proposed model has been evaluated and compared with novel machine vision models that evolved over a decade such as VGG, ResNet, DenseNet, and MobileNet. Through the assistance of the proposed capsule network, the problems in previous research have been well addressed.

The above studies reflect that AI performs well in detecting and classifying plasmodium images. Nevertheless, it only carries out classification on the cropped thin blood smear image that is not practical in the real world. The detection and classification of a single picture have no clinical significance. We extracted a whole pathological slice and then divided it into small pictures for detection so that we could diagnose whether a person has malaria instead of just offering a picture that displays diagnostic outcomes, which is of great help to assist clinicians in making judgments.



3. Methods

In this section, a plasmodium classification method predicated on ResNeSt (10) is put forward. Since malaria plasmodium appeared anywhere in the picture, we proposed two methods to improve our training accuracy, respectively, during self-supervised learning in pre-training and supervised learning in training:

1. We utilized the self-supervised method during the pre-training stage. First, we selected pictures without malaria plasmodium; then we obtained the cells’ location via segmentation; finally, we masked the cells and area at the same time instead of only masking the area during training for the purpose of enhancing training accuracy. Self-supervised learning by masking regions of cells allows the network to learn the features better.

2. Since malaria parasites showed up in any position. Also, Plasmodium staining is essentially the same, meaning that the features under certain color channels are the most distinct，we acquired better features through channel attention modules and spatial attention modules in the stage of supervised learning.


3.1. Datasets

The images of blood slices were retrospectively collected from the Department of Schistosomiasis and Endemic Diseases, Wuhan City Center between January 1, 2015 and February 29, 2020. They were labeled into two categories: confirmed plasmodium and non-plasmodium. The ages of all enrolled patients ranged from 18 to 75. Identifiable personal information, such as the names of patients, the names of hospitals, etc., was removed. The consecutive images of blood slices for each patient were selected for image recognition. A patient was classified as “plasmodium” as long as an image was identified with plasmodium. Otherwise, he was classified as “non-plasmodium.”

The images were labeled by three experts with more than 10 years of clinical experience. A total of 30,033 blood slice images with 100 patients were employed to train our model. These images were randomized to the training set and validation set at a ratio of 3:1. Another test set with 12,784 blood slice images was exploited to independently evaluate the performance of our model. Table 1 details the basic information of the datasets.



TABLE 1 The basic information of the datasets.
[image: Table1]



3.2. Image enhancement

The color difference that occurs in Pathological images often influences the performance of classification. We applied image enhancement in SimCLR (11) to scale the dataset and eliminate the influence of color. First, a random patch of images was selected and resized to 224 × 224 with a random horizontal flip, followed by a color distortion, consisting of a random sequence of brightness, contrast, saturation, hue adjustments, and an optional grayscale conversion. Then, Gaussian blur and solarization were applied to the patches.



3.3. Image embedding by self-supervised learning

In deep learning, it is a frequent problem that there is not sufficient labeled data. The size of our labeled dataset is still inadequate for the detection of plasmodium. Considering the high cost of manually labelling data, we adopted BYOL (12), a self-supervised learning approach, to alleviate the problem of insufficient labeled data. BYOL is a powerful self-supervised learning method and does not need any negative samples. It only requires that similar samples have similar representations.

An architecture of BYOL is detailed in Figure 1. There are two neural networks: an online network and a target network. The two networks share the same structure. The [image: image] and [image: image] are the parameters of the online network and the target network, respectively. The [image: image] was updated by minimizing a similarity loss between [image: image]([image: image]) and sg([image: image]) where sg means stop-gradient, while the [image: image] was updated by an exponential moving average of [image: image]. After the training, the image embedding in the online network was utilized as the representation. BYOL has the advantages of high training efficiency and robustness to systematic deviation.

[image: Figure 1]

FIGURE 1
 BYOL’s architecture. BYOL minimizes a similarity loss between [image: image]([image: image]) and sg([image: image]), where [image: image] are the trained weights, [image: image] are an exponential moving average of [image: image] and sg([image: image]) means stop-gradient. At the end of training, everything but [image: image] was discarded, and [image: image] was used as the image representation.


For malaria images, the cost of labelling is extremely high in that there are fewer doctors diagnosing malaria now. Thus, we only employed positive pictures for the self-supervised training of the model.

In the training, the images were rotated, color transformed, and subjected to different random cropping to get different positive sample pairs, and then input to the two networks. Since malaria parasites usually show up in cells, the pictures of malaria parasites are usually composed of cells. Therefore, when we masked the image, we first obtained the location of the cells through image segmentation. In the process of masking, we chose the masked cells, which is equivalent to improving the data set and distribution of positive samples with a view to promoting the efficiency of pre-training. We trained the online network to predict the target network representation of the same image under various enhanced views. Meanwhile, we used the slow moving average of the online network to update the target network. Furthermore, we kept the online network as our pre-training network subsequent to convergence.



3.4. Channel attention module and spatial attention module

Figure 2 gives a plasmodium image and the corresponding heat map. From Figure 2, we find that there are noticeable differences between different channels (Figure 3). Thus, we can use the channel attention mechanism (13) to improve the classification accuracy of plasmodium. Figure 4 provides a channel attention module that can be formulated as

[image: image]

[image: Figure 2]

FIGURE 2
 The left image is a plasmodium image, and the right image is the heat map.


[image: Figure 3]

FIGURE 3
 The left is a plasmodium image, and the right is a heat map.


[image: Figure 4]

FIGURE 4
 A channel attention block.


The plasmodium randomly appears anywhere in the image. Therefore, the spatial attention mechanism (14) also applies to the classification of plasmodium. Different from channel attention, spatial attention focuses on ‘where’ the informative part lies, which is complementary to channel attention (15). To compute spatial attention, we first conducted average-pooling and max-pooling operations along the channel axis and concatenated them to generate an efficient feature descriptor. Data show that it is efficient to apply pooling operation along the channel axis in highlighting informative regions. Figure 5 displays a spatial attention module that can be described by

[image: image]
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FIGURE 5
 Spatial attention module.





4. Experiments


4.1. Training of the model

The training set was employed to construct the AI model, whereas the validation set was harnessed to assess the accuracy of classification performance of the established model.

With the application of the PyTorch platform, we adopted the ResNeSt-50 architecture pretrained and the BYOL to develop our AI algorithm. The retraining contained initializing the convolutional layers with loaded pretrained weights and updating the neural network to recognize plasmodium and non-plasmodium. The network structure was kept unchanged in this study. The weights of the last fully connected layer and the last three convolutional layers were tuned. After 50 epochs (iterations through the entire dataset), the training was terminated if no further improvements in accuracy or cross-entropy loss could be observed. The schematic diagram of our algorithm is exhibited in Figure 6.

[image: Figure 6]

FIGURE 6
 A schematic diagram of the algorithm.




4.2. The experimental results

During training and validation processes, accuracy and cross-entropy against the iteration step are plotted in Figure 7. Confusion matrix of the AI framework during the validation process is also displayed in Figure 8. The classification results of the test set are listed in Table 2. Given Figure 7 and Table 2, we can see that our training algorithm works and obtains the highest test accuracy of 97.8% compared to the other algorithms (Table 3).

[image: Figure 7]

FIGURE 7
 The performance of the model during training and validation. (A) Classification accuracy is plotted against training epochs. (B) The categorical cross-entropy loss is shown as a function of training epochs for the binary classification problem. (C) Classification accuracy is plotted against validation epochs. (D) The categorical cross-entropy loss is shown as a function of validation epochs for the binary classification problem. The graph shows that after about 1,000 rounds of training, the increase in accuracy rate slows down, and after about 2,000 rounds of training, the accuracy rate stabilizes at about 98%.


[image: Figure 8]

FIGURE 8
 Confusion matrix of the AI framework.




TABLE 2 The diagnostic performances of the different algorithms on the test set.
[image: Table2]



TABLE 3 A comparison between the AI algorithm and radiologist.
[image: Table3]




5. Discussion

Malaria is a parasitic disease that seriously threatens human health. It primarily prevails in underdeveloped Africa, Southeast Asia, Oceania and Latin America where there is not enough capacity for detection. Detection is the key to the treatment of malaria cases and the control of infection sources. Microscopic examination and test paper are two commonly used detection methods with advantages such as rapidness, simplicity and low cost. The use of test paper is accompanied by the problems of false positive and false negative, and the antigen still exists in the blood for a long time even after the patient is cured. Therefore, microscopic examination is still regarded as the gold standard of malaria diagnosis. Notwithstanding, the outcome of microscopic examination largely depends on personal experience and skill levels.



6. Conclusion

The classification method of thin blood membranes of AI based on the self-supervision and attention mechanism is a training model founded on the whole pathological section, which can better enable clinicians to make decisions. The brightness, contrast, saturation, and hue of most Plasmodium images are in a similar range due to staining, so the channel attention mechanism is used to improve the feature extraction ability of the model, and the spatial attention mechanism is used for the feature that Plasmodium can appear in various areas of the images. By using the channel attention and spatial attention, the feature extraction ability of the model is enhanced; at the same time, the feature extraction ability of the model is also improved by using self-supervised learning to learn unlabeled data in response to the difficulty of image labeling and the difficulty of labeling. In terms of classification accuracy, it exceeds the average level of existing human doctors and paves the way for the future automatic technology of malaria detection.



7. Prospect

Our article has done a series of studies on Plasmodium classification and proposed a novel classification algorithm for Plasmodium, but there is a lack of research on the location detection and Plasmodium segmentation. So, we will conduct the following studies: 1. Subsequently, we will continue to study the image detection algorithm to get the position of Plasmodium on the picture to allow medical person to do better analysis. 2. Image segmentation of the Plasmodium picture to get the Plasmodium shape, so that the doctor can make the determination of the worm type.

Translated with www.DeepL.com/Translator (free version).
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Sickle Cell Disease (SCD) is a group of inherited hemoglobinopathies. Sickle cell anemia (SCA) is caused by a homozygous mutation in the β-globin generating sickle hemoglobin (HbS). Deoxygenation leads to pathologic polymerization of HbS and sickling of erythrocytes. The two predominant pathologies of SCD are hemolytic anemia and vaso-occlusive episodes (VOE), along with sequelae of complications including acute chest syndrome, hepatopathy, nephropathy, pulmonary hypertension, venous thromboembolism, and stroke. SCD is associated with endothelial activation due to the release of danger-associated molecular patterns (DAMPs) such as heme, recurrent ischemia–reperfusion injury, and chronic thrombin generation and inflammation. Endothelial cell activation is mediated, in part, by thrombin-dependent activation of protease-activated receptor 1 (PAR1), a G protein coupled receptor that plays a role in platelet activation, endothelial permeability, inflammation, and cytotoxicity. PAR1 can also be activated by activated protein C (APC), which promotes endothelial barrier protection and cytoprotective signaling. Notably, the APC system is dysregulated in SCD. This mini-review will discuss activation of PAR1 by APC and thrombin, the APC-EPCR-PAR1 axis, and their potential roles in SCD.
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Introduction


Sickle cell disease

Sickle cell disease (SCD) is the most common inherited hemoglobinopathy worldwide. More than 300,000 babies are born with SCD annually and this rate is expected to increase over the next 30 years (1). The majority of cases are concentrated in sub-Saharan Africa and southern Asia, where sickle cell trait provides protection from malaria (2). Sickle Cell Anemia (SCA) is caused by a single nucleotide mutation in the gene for beta (β) globin. Normal hemoglobin is a tetramer of two α and two β subunits, each of which contain a heme molecule, and is the critical oxygen carrying protein in red blood cells (RBCs). In SCA, an A to T transversion in the sixth codon results in the substitution of a valine (Val) for a glutamine (Glu). This hydrophobic valine residue confers an adhesive property to HbS (comprised of two α and two βS subunits); thus, when it becomes deoxygenated it forms rigid polymers in RBCs (Figure 1). This results in the sickling of RBCs, causing hemolysis and anemia. Hemolysis releases HbS and free heme into the circulation, acting as danger associated molecular patterns (DAMPs) to activate the endothelium and leukocytes. The activated endothelium upregulates adhesion molecules E-selectin, P-selectin, vascular cell adhesion molecule (VCAM), intercellular adhesion molecule (ICAM), and von Willebrand Factor (VWF). Activated neutrophils, platelets, and sickled RBCs form multicellular aggregates in the circulation, which adhere to the circulating endothelium, leading to vaso-occlusive episodes (VOE). These two primary pathologies, hemolytic anemia and VOE, are accompanied by sequelae of acute and chronic complications such as acute painful crises (3), chronic pain, stroke (4–8), venous thrombosis and pulmonary embolism (9, 10), pulmonary hypertension (11), acute chest syndrome (12), sickle nephropathy (13, 14), among others. More comprehensive reviews of SCD and its complications can be found elsewhere (3, 15).

[image: Figure 1]

FIGURE 1
 Sickle cell anemia is caused by a single nucleotide mutation in the HBB gene. Normal hemoglobin (HbAA) is formed from two α-globin and two β-globin subunits. The HBB gene encodes β-globin. In SCD, an adenine to thymine substitution changes the 6th codon of the mature protein from a glutamine to a valine. Sickle hemoglobin (HbSS) contains two α-globin and two βS-globin. Upon deoxygenation, the presence of a hydrophobic valine residue in HbSS causes the molecules to polymerize, leading to stiffening of the RBC.




Current treatments for SCD

Despite the significant global burden of SCA, there are only four FDA-approved drugs currently available to patients: hydroxyurea, L-glutamine, crizanlizumab, and Voxelotor (16). Hydroxyurea inhibits HbS polymerization and sickling by increasing production of fetal Hb (HbF) (17). L-glutamine reduces oxidative stress (18). Crizanlizumab inhibits P-selectin-dependent sRBC-endothelial interactions (19). Voxelotor changes the affinity of HbS for oxygen and inhibits hemoglobin polymerization (20). These therapies modestly limit the severity and frequency of VOC (17–19). Many SCA patients also routinely undergo whole blood transfusions and red blood cell exchange therapy (3, 21). Curative options such as hematopoietic stem cell transplantation (HSCT) and gene therapy (GT) are also being investigated (22). Allogeneic HSCT has been performed in approximately 2,000 patients in the past 30 years. A recent meta-analysis revealed that HSCT reduces the incidence of VOE, but it also identified risks including graft-versus host disease, graft failure, mortality, and secondary malignancies (23). The GT strategies currently being evaluated are correction of the HbS mutation, gene transfer to overexpress HbA in hematopoietic stem cells, and knockdown of BCL11a, the negative regulator of HbF, to increase HbF production and prevent sickling (3, 22–24). Although these therapies are promising, the FDA may require long-term follow up of 10–15 years after gene therapy to evaluate safety risks before they will be approved for clinical use (25). HSCT and GT carry significant costs and medical resources, and may not be feasible in low-resource countries where SCA is most prevalent (22). Recent GT trials have also been paused due to unexpected toxicity (26). The limited range of approved drugs for SCA, combined with an ageing population facing severe clinical complications, highlights the need to investigate new treatment options that are accessible and effective. Several drugs targeting downstream events are currently being evaluated in Phase II and III clinical trials, including anti-sickling agents, anti-inflammatory agents, and anticoagulants (3, 15).



Coagulation activation in SCA

A hallmark of SCA is activation of coagulation (27–33). Tissue factor (TF) is the primary initiator of extrinsic coagulation and is not normally expressed on intravascular cells. In SCA, TF expression is upregulated on leukocytes and endothelial cells (34–37). TF is a transmembrane protein and obligate cofactor for coagulation factor VIIa (FVIIa), activating factor X (FX) to FXa, which converts prothrombin to thrombin. Thrombin cleaves fibrinogen into fibrin, leading to clot formation. We and others have shown that TF (4, 5, 37, 38), FXa (6, 39), thrombin (39, 40), and fibrin(ogen) (41, 42) contribute to inflammation, cardiovascular dysfunction, vascular congestion, nephropathy, and microvascular stasis (43) in mouse models of SCA. In addition to its prothrombotic role, thrombin can induce signaling through Protease Activated Receptor-1 (PAR1).



Protease activated receptors

Protease activated receptors (PARs) are a family of G-protein coupled receptors (GPCR) consisting of PAR1, PAR2, PAR3, and PAR4. PARs share a conserved mechanism of irreversible activation by proteolytic cleavage of specific amino acid residues on the extracellular N-terminus. This results in the exposure of a novel N-terminal peptide, or tethered ligand, which binds to extracellular loop 2 and induces a conformational change in the GPCR to signal through intracellular G proteins (44). PARs are subject to proteolysis by multiple proteases at different amino acid residues on the N-terminus, resulting in activation of different signaling pathways and outputs (45). The focus of this review is PAR1, which was first identified as the main thrombin receptor on platelets (46–48), triggering activation and aggregation of platelets that is critical for both hemostasis and thrombosis (49). Importantly, PAR1 is also expressed on leukocytes and endothelial cells. Thrombin cleaves PAR1 at arginine 41 (R41) (50), generating a tethered ligand that binds to a conserved sequence in extracellular loop 2 (51). This enables the C-terminus to engage with Gαq and Gα12/13 which leads to inflammation, endothelial barrier permeability, and cytotoxicity (52, 53) (Figure 2). Thrombin/PAR1 activation of Gαq and Gα12/13 upregulates inflammatory cytokines [interleukin-1 (IL-1), IL-6, and tumor necrosis factor α (TNFα)] and endothelial adhesion molecules [E-selectin, P-selectin, intracellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1)] via activation of MAPK and NFκB. G-protein mediated Ca2+ signaling promotes the release of Weibel Palade bodies to the endothelial surface, increasing P-selectin and von Willebrand Factor (VWF) release, thus increasing adhesion. These signaling pathways also cause apoptosis, through caspase activation, and endothelial barrier permeability, by modulating the cytoskeleton and disrupting tight junctions (54). Thrombin/PAR1 signaling is rapid, transient, and irreversible, due to the proteolytic cleavage of the protein. Signal termination is mediated by endocytosis of the receptor in clathrin-coated pits, and lysosomal degradation (55). Matrix metalloproteases MMP-1 and MMP-13 also cleave PAR1 at aspartate 39 (D39) and serine 42 (S42), respectively, with signaling outputs similar to thrombin (53).
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FIGURE 2
 Biased agonism of PAR1 by thrombin and APC. Thrombin activation of PAR1, by cleavage at arginine 41 (R41) favors activation of Gαq and Gα12/13 signaling pathways. This results in inflammation, endothelial activation and barrier permeability, and cytotoxicity. In caveolin 1 (Cav1)-positive lipid rafts, PAR1 colocalizes with endothelial protein C receptor (EPCR). Activated protein C (APC) binds EPCR and activates PAR1 by cleavage of arginine 46 (R46), recruiting β-arrestin and inducing anti-inflammatory and endothelial stabilizing signaling.


Interestingly, PAR1 is also cleaved by activated protein C (APC), although with lower affinity than thrombin (56). The zymogen protein C binds to endothelial protein C receptor (EPCR), a type I transmembrane protein that binds the Gla domain of protein C and APC (57). On endothelial cells, the majority of EPCR is found in caveolin-1 (Cav1)-positive lipid rafts, where it colocalizes with PAR1 (58), which is required for cytoprotective signaling (59, 60). When bound to EPCR, protein C is cleaved by thrombomodulin-bound thrombin to generate the active serine protease APC, which cleaves PAR1 at Arg46 and activates multiple signaling pathways. APC/PAR1 signaling recruits and phosphorylates β arrestin-2, which activates Rac1, inhibits NFκB, and increases the barrier integrity of the endothelium (59). β arrestin-2 also activates sphingosine kinase 1 (SphK1), which converts the lipid messenger sphingosine into sphingosine-1-phosphate (S1P). In turn, S1P activates Sphingosine-1-phosphate receptor-1 (S1PR1), which signals through Gi/Akt and disheveled 2 (Dvl2) for anti-apoptotic and anti-inflammatory signaling (61, 62). aPC/PAR1-induced β-arrestin 2 also phosphorylates ERK1/2 (61). APC thus promotes anti-inflammatory and cytoprotective signaling on ECs and preserves endothelial barrier integrity (60, 63–65) (Figure 2). APC’s cytoprotective and anti-inflammatory activity is not limited to ECs, as it can also modulate activation of monocytes, macrophages, and neutrophils, but has no effect on platelets (66). It is expressed on leukocytes (67–69), keratinocytes (70), vascular smooth muscle cells (71), cardiomyocytes (72), and neurons (73, 74), The opposing effects of PAR1 activation by thrombin and APC is a classic example of biased agonist signaling (65, 75), well described for other G-protein-coupled receptors including the neurokinin 1, angiotensin II type 1A, parathyroid hormone 1, μ opioid, and D2 dopamine receptors (76).



The dysregulated protein C system in SCA

APC is an important natural anticoagulant (77), in addition to its critical anti-inflammatory and cytoprotective role on the endothelium (78). Zymogen protein C is a glycoprotein produced by the liver. When activated by thrombin to its serine protease form APC, it irreversibly inactivates FVa and FVIIIa by proteolysis at arginine residues (79). Anticoagulant APC activity requires its cofactor protein S, a glycoprotein that binds negatively charged phospholipid membranes via its Gla domain (78). Dysfunction or deficiencies in the protein C—protein S system are associated with venous thrombosis (80–82). It is well-documented that individuals with SCD have deficiencies in both the antigen and activity levels of protein C and protein S (29, 83–89), and that they are further decreased during crisis (90). Protein C and protein S levels negatively correlate with markers of coagulation activation (88). Although deficiencies in this system have not been linked to VOC (29), lower levels of protein C and S are associated with a higher incidence of stroke in children and adolescents with SCA (87, 89, 91, 92). The low levels of protein C and S are likely caused by multiple factors common in SCA, including decreased synthesis due to liver disease (93), consumption due to chronic activation of coagulation, and binding to phosphatidylserine-positive sickled RBCs (94).

Decreased EPCR expression and EPCR shedding occurs in inflammatory bowel disease (95), malaria (96), diabetes (97), lupus, cardiovascular ischemia–reperfusion injury (98), and endotoxemia (99). EPCR shedding is mediated by pro-inflammatory cytokines and proteases such as TNFα converting enzyme (TACE), A Disintegrin and Metalloproteinase-10 (ADAM-10) and ADAM-17. Interestingly, EPCR shedding has been observed in individuals and mice with SCD (100, 101), and EPCR-positive microparticles are found in the circulation of individuals with SCD (90). A recent abstract described loss of EPCR expression in the kidney vasculature and presence of soluble EPCR in the urine of aged sickle mice, a phenomenon that could also be triggered in young sickle mice by infusion of a low dose of heme to mimic an acute sickling event (102).

Together, these observations describe dysfunction in regulation of the vascular endothelium. In SCD, the decreased availability of the natural anticoagulant APC and its cofactor protein S, along with diminished presence of endothelial EPCR could result in reduced cytoprotective APC/PAR1 signaling. Moreover, in a disease setting characterized by chronic thrombin generation, this imbalance might favor detrimental thrombin/PAR1 signaling. This imbalance could contribute to endothelial barrier dysfunction and vascular inflammation in SCD.



The role of PAR1 in SCA

The endothelium is chronically activated in SCA due to hemolysis (103), which contributes to the pathogenesis of vaso-occlusive events (VOE). Increased expression of adhesion molecules P-selectin and E-selectin on the endothelial surface promotes interaction with P-selectin glycoprotein ligand-1 (PSGL-1) and Cd11b/Cd18 (Mac1) on leukocytes, respectively (104). This event recruits sRBCs and platelets to form multicellular aggregates that drive vascular stasis and ultimately occlusion (105, 106). In vitro studies have demonstrated that activation of PAR1 with either thrombin or PAR1 agonist peptide drives the interactions between sickle RBCs and endothelial cells. This was found to be dependent on the release of P-selectin and von Willebrand Factor (VWF) from endothelial Weibel-Palade bodies (107, 108). Infusion of PAR1 agonist peptide caused rolling adhesion of sRBCs to the vascular endothelium that was p-selectin dependent in sickle mice, suggesting a role of PAR1 in vascular stasis (109). We also investigated the thrombin/PAR1 axis in sickle mice at steady state. To determine the role of PAR1, we transplanted sickle bone marrow (BMSS) in PAR1−/− mice. Endothelial PAR1 deficiency did not affect the increased levels of thrombin generation (thrombin anti-thrombin complexes, TAT), systemic inflammation (IL-6), endothelial activation (sVCAM) or neutrophil recruitment in the lung vasculature. Interestingly thrombin inhibition with dabigatran reduced TAT, IL-6 and neutrophil recruitment to the organs (39). Agreeing with these results, Arumugam and colleagues found that decreasing expression of prothrombin reduces inflammation, vascular congestion, and improves survival of sickle mice (40). One possible interpretation of these data is that thrombin plays a role in endothelial activation and inflammation in SCD independent of PAR1, at least at steady state. An alternative hypothesis is that in BMSS PAR1−/− mice, the lack of PAR1 also prevents beneficial APC/PAR1 signaling. Indeed, it has been shown that administration of APC to sickle mice can attenuate thrombus formation in the cerebral microvasculature (101), indicating that APC is beneficial in SCD.

Since it is known that thrombin/PAR1 signaling contributes to endothelial P-selectin expression and sickle RBC adhesion, we also evaluated the role of this pathway in microvascular stasis. Using a dorsal skinfold chamber to evaluate blood flow in the skin microvasculature, we found that inhibition of PAR1 with the irreversible orthosteric antagonist vorapaxar protected sickle mice from heme-induced microvascular stasis (43). Similar results were obtained in BMSS PAR1−/− mice, which also had significantly less endothelial P-selectin and VWF expression in lung tissue after heme treatment (43). These data suggest that thrombin/PAR1 activation might play a role in the cell–cell interactions that lead to VOC (43, 109), and that APC/PAR1 signaling can be beneficial (101), in SCD. Future studies should be aimed at determining the role of PAR1 in other acute and chronic complications of SCD, including stroke, thrombosis, and acute chest syndrome.



Current therapeutic strategies to target PAR1

Most PAR1 antagonists were designed to attenuate thrombin-mediated platelet activation and reduce thrombosis. Vorapaxar is an orally available antagonist that binds the extracellular pocket of PAR1 irreversibly and with high affinity. It effectively blocks PAR1 activation by both thrombin and APC. In clinical trials, administration of vorapaxar in combination with dual antiplatelet therapy improved cardiovascular outcomes but increased the risk of bleeding, especially in patients with a history of stroke (110). Thus, its use is counter-indicated in SCD patients. Recombinant APC (Xigris) was tested in pre-clinical models of sepsis, but had limited success and also increased the risk of bleeding in larger clinical trials (45). A signaling-selective variant of APC with limited anti-coagulant activity, 3K3A-APC, is also being tested for the treatment of stroke and amyotrophic lateral sclerosis (NCT02222714 and NCT05039268).

Another option for targeting PAR1 are small molecules. Q94 is an allosteric modulator that is thought to act at the intracellular face of PAR1. Although it inhibits PAR1-dependent platelet activation, it has limited efficacy on endothelial PAR1 signaling (111). Pepducins are a family of PAR1 modulators; they are biomimetic lipidated peptides that can enter the cell and target the intracellular loops of a receptor (112–114). One pepducin, PZ-128, is currently being tested in clinical trials for coronary artery disease (114) and has a promising safety profile. Parmodulins are small molecule allosteric modulators of PAR1, which bind the intracellular C-terminus and recruit β arrestin (115). They not only block thrombin-dependent PAR1 signaling; they can actually induce APC-like cytoprotective and anti-inflammatory signaling. Parmodulins have been shown to have significant anti-thrombotic and anti-inflammatory effects in mouse models of venous thrombosis (116, 117), neurologic diseases (115), virus (118), and diabetes (119).




Conclusion

The APC-EPCR-PAR1 axis is plays an important role in maintaining vascular endothelial homeostasis, and several studies described herein suggest that this pathway is dysfunctional in SCA. We speculate that chronic thrombin generation which can activate detrimental PAR1 signaling, paired with decreased APC/PAR1 signaling due to APC consumption and EPCR shedding, might play a role in the activated vascular endothelium in SCD.
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Background

The first-in-class approved BCMA CAR-T therapy was idecabtagene vicleucel (ide-cel), approved in March 2021, for RRMM patients who progressed after 4 or more lines of therapy. Despite the promising outcomes, there were limited apheresis/production slots for ide-cel. We report outcomes of patients at our institution who were on the “waitlist” to receive ide-cel in 2021 and who could not secure a slot.





Methods

We conducted a retrospective review of RRMM patients evaluated at the University of Kansas Cancer Center for ide-cel from 3/2021-7/2021. A retrospective chart review was performed to determine patient and disease characteristics. Descriptive statistics were reported using medians for continuous variables. Survival analysis from initial consult was performed using Kaplan-Meier Survival estimator.





Results

Forty patients were eligible and were on the “waitlist” for CAR-T. The median follow-up was 14 months (2-25mo). Twenty-four patients (60%) secured a production slot and 16 (40%) did not. The median time from consult to collection was 38 days (8-703). The median time from collection to infusion was 42 days (34-132 days). The median overall survival was higher in the CAR-T group (NR vs 9 mo, p<0.001).





Conclusion(s)

Many patients who were eligible for ide-cel were not able to secure a timely slot in 2021. Mortality was higher in this group, due to a lack of comparable alternatives. Increasing alternate options as well as improvement in manufacturing and access is an area of high importance to improve RRMM outcomes.





Keywords: BCMA, ide-cel, access, production slot, waitlist, myeloma





Introduction

Relapsed refractory multiple myeloma (RRMM) has a poor prognosis, with overall survival of around 6 months for penta-refractory patients, refractory to conventional therapy including immunomodulatory drugs (IMiDs), proteasome inhibitors (PIs), and CD38-directed therapy (1).

B cell maturation antigen (BCMA) is a novel treatment target for multiple myeloma due to its highly selective expression on plasma cells (2). The first-in-class BCMA chimeric antigen receptor T cell therapy (CAR-T) was idecabtagene vicleucel (ide-cel), approved in March 2021, for RRMM patients who progressed after ≥ 4 lines of therapy based on the results of the pivotal phase I/II KarMMa trial data. All patients had to be exposed to prior PIs, IMiDs, and CD38 targeting therapy as part of the FDA label. The overall response rate (ORR) was 73% and median duration of response (DOR) of 11 months in responders, and 20 mo in patients who had a stringent complete response (3, 4). Ide-cel manufacturing starts with leukapheresis, shipping of the T-cell apheresis product to the manufacturing facility, in vitro expansion, and transduction with a lentivirus vector (5). Purification and quality check is conducted prior to the release of the product and shipping back to the treating facility.

Despite the advancement in 2021 with ide-cel approval, the commercial manufacturing system has limited capacity, with limited production slot allocation nationally, and long manufacture times of at least 4 weeks (5–8). Long manufacturing and turnaround time increases the risk of mortality and morbidity in RRMM patients with rapidly progressive disease and potential deterioration before CAR-T infusion. In the KarMMa trial, 12 (8.5%) of the 140 patients who received leukapheresis were not able to receive the infusion of ide-cel. Only one of these was due to manufacturing failure, and the rest were secondary to patient condition and disease progression (4). The rollout of production slots for ide-cel has been relatively limited nationally.

In this report, we examine the outcomes of patients evaluated at our center for ide-cel between March to July 2021.





Patients and methods

RRMM patients seen at the University of Kansas Cancer Center for ide-cel consultation between March 2021 to July 2021 were included. Slot availability and utilization from March to October 2021 were reported. Per institution policy, only those who met the KarMMa inclusion criteria were considered eligible for commercial CAR-T. Those that did not meet the inclusion criteria were not considered eligible. All patients considered eligible were refractory to the latest therapy. Factors such as patient fitness and comorbidities, availability of caregivers were taken into consideration. All eligible patients who were agreeable to CAR-T therapy were enrolled in the pharmaceutical company’s cell therapy portal. A “waitlist” was maintained with all eligible candidates. These patients were then presented at our Myeloma CAR-T planning weekly meeting, and the most appropriate candidates were selected for each ide-cel slot available. We evaluated the waitlist and compared the group that could not secure a CAR-T production slot (non-CAR-T group) and another group that secured a slot (CAR-T group). Patients who secured a slot but did not receive the ide-cel infusion were included in the CAR-T group. High-risk cytogenetics were per the International Myeloma Working Group (IMWG) criteria and included t(4;14), del (17/17p), t(14;16), t(14;20), and gain (1q) (9). Penta-refractory was defined as being refractory to two IMiDs, two PIs, and one CD38-directed therapy per IMWG criteria. The time to collection was defined as the time from consultation for CAR-T to leukapheresis. The time to manufacture was defined as the time from leukapheresis to CAR-T infusion. Lines of therapy at consultation was determined from diagnosis to initial consultation for CAR-T. Additional therapies for patients on the waitlist who could not secure a CAR-T production slot was not reported as line of therapy at consult. Bridging therapy was considered as therapy between leukapheresis to CAR-T infusion. Per institutional guidelines, bridging was held 2 weeks prior to cell infusion. Overall survival for both groups was calculated from the initial ide-cel consultation date. A retrospective chart review was performed to determine patient and disease characteristics, subsequent lines of therapy in the non-CAR-T group, and bridging therapy in the CAR-T group. The study was approved by the local institutional review board and conducted in accordance with the Declaration of Helsinki.




Statistical analysis

Descriptive statistics were reported using medians for continuous variables. Comparisons of categorical variables were conducted using the Fisher’s Exact Test. A comparison of medians was conducted using a Mann-Whitney U test. Survival analysis was performed utilizing the Kaplan-Meier Survival estimator. All outcomes used an a priori two-sided p-value of 0.05 for significance. All statistical analyses were conducted in JMP® (v15.1.0).






Results




Patient characteristics

Fifty-four patients were evaluated for ide-cel between March 2021 and July 2021. 14 patients (26%) were not eligible or chose not to pursue CAR-T therapy. There were 40 eligible patients who were included in further analysis. The median follow-up was 14 months (2-25mo). During this period, 16 (40%) were in the non-CAR-T group and could not secure a production slot while 24 (60%) patients secured a production slot (Figure 1). Table 1 summarizes the demographics of these two groups. The median age was 61 (43-82) years. The groups were similar in time since diagnosis, penta-refractory status, extramedullary disease, high risk cytogenetics, and exposure to prior BCMA therapy (belantamab mafodotin). There was a median of 2 production slots per month from March-October 2021 (range 0-9). All slots were utilized.




Figure 1 | Consort of patients seen in consultation for standard of care ide-cel from March to July 2021.




Table 1 | Patient and disease characteristics at consultation for CAR T.







Non-CAR-T group

The alternate therapies in the sixteen patients who could not get CAR-T apheresis slots are listed in Figure 1. Belantamab mafodotin was the most frequent agent, used as monotherapy or in combination with dexamethasone (n=7, 45%).





CAR-T group

All patients in this group received leukapheresis for ide-cel except one patient who received leukapheresis for ciltacabtagene autocel (cilta-cel). The median time from the consult visit to the collection for the CAR-T group was 38 days (8-703). The median time from collection to infusion was 42 days (34-132). There were 5 patients who secured a CAR-T production slot > 4 months from initial consultation. These patients received between 1-3 additional lines of therapy after initial consultation before securing a production slot. Bridging therapies are listed in Figure 1. The most commonly used bridging regimens included pomalidomide monotherapy or in combination with dexamethasone (n=4, 17%), bortezomib or carfilzomib with dexamethasone-cisplatin- doxorubicin-cyclophosphamide-etoposide (VD-PACE or KD-PACE) (n=4, 17%) and dexamethasone only (n=3, 13%). Four patients (17%) received no bridging therapy.





Survival outcomes

The survival following CAR-T consult was lower among the non-CAR-T patients on the “waitlist” vs. the CAR-T group. With the median follow up of 14 mo, the mortality was 81% (13 patients) in the group that did not receive CAR-T, as depicted in Figure 2. Nine patients (38%) died in the ide-cel group due to progressive disease. One death occurred in a patient who was collected but did not receive an ide-cel infusion due to ongoing respiratory viral infection. The median OS was 9 mo in non-CAR-T group vs. NE in CAR-T group (p<0.001).




Figure 2 | Overall Survival for CAR-T vs no CAR-T group.








Discussion

Ide-cel launched in March 2021 as the first-in-class BCMA Car-T cell therapy in RRMM, and remained the only BCMA-CAR-T till 2/2022 (3, 10). It is available at authorized treatment centers, with 73 centers across the United States offering this therapy as of July 2022 (11). One of the main challenges faced by many of the centers delivering ide-cel has been the allocation of only a few production slots per month due to manufacturing capacity limitations. The median slots per month for our institution was 2 slot (0-9) in 2021 which resulted in a long time to collection for those on the waitlist. We note a survival advantage seen in the patients on the waitlist who were able to receive ide-cel compared to standard alternate therapies in 2021. This is reflected in other studies as well with both ide-cel and cilta-cel (12–15).

An additional challenge for those who secure a slot is the long manufacturing time. The median vein-to-vein time in the CAR-T patients was 42 days (range 34-132 days). This represented time to manufacture except for two patients who were delayed due to infection. This is consistent with the known manufacture time in KarMMa trial of around 4 weeks from apheresis to infusion (4). One patient (5%) underwent leukapheresis but did not receive the infusion. Despite the long manufacture time, all other patients who underwent leukapheresis were able to receive the infusion. This appears to be better than the KarMMa data, where 12 (9%) patients did not receive the infusion after leukapheresis (4). Moreover, while manufacture failure was seen in 1% of patients in the KarMMa trial, we did not experience failure of manufacture in these patients in the real-world cohort (4). These observed differences observed may be secondary to limited sample size, differences in bridging strategies, and stringent patient selection adopted due to limited access.

The challenges with the production slot limitations and the long manufacture times has led to an ethical dilemma described by various institutions across the US (7). At our institution, we had stringent criteria for patient selection during the period evaluated. Only those patients who met the KarMMa inclusion criteria were considered. Even amongst these select patients, we had to choose the most appropriate candidates for the scarcely available slots. We had a weekly joint conference attended by the CAR-T and Plasma Cell Disorder teams at our institution to select appropriate patients, ideally who were fit, with a predictably slow pace of disease, with relatively low risk of morbidity and mortality during the manufacturing period. We took into consideration patient characteristics including performance status, cardiac function, creatinine clearance, comorbidities, and social support. We also had to take into consideration disease characteristics, such as lines of therapy, penta-refractory or triple-refractory status, number of transplants, prior BCMA therapy and clinical trial enrollment in last 24 months.

The RRMM field is dynamic and rapidly evolving with BCMA therapies. The approval of cilta-cel in February 2022 has increased the total slots per month, but opportunities for improvement exist (6). We describe in an editorial that the median number of production slots for BCMA CAR-T (including ide-cel and cilta-cel) increased at our institution in 2022 and 2023. In fact, in that report, we also now demonstrate that several production slots are not utilized, likely reflecting more readily available options with the approval of novel BCMA bispecifics such as teclistimab (16). Of note, belantamab is now withdrawn from the US market officially as of February 2023 (17). As BCMA CAR-T is being studied in earlier lines, and with various combinations, this novel class of therapy will likely be available for a broader patient population in the future (18, 19). Therefore, it is critical to prioritize research to improve manufacturing of ide-cel and other CAR-T products, and thereby increase utilization and access.

Several strategies are being proposed to counter the challenges in manufacturing and production seen with ide-cel as well as other autologous CAR-T products.

New CAR-T manufacturing platforms are being developed by numerous biotech companies that should allow for the scaling of manufacturing capacity while ensuring consistency in cell product properties (20, 21). These platforms too could be licensed to institutions once they receive full commercial approval to strengthen manufacturing. Decentralization and point of care manufacture at academic institutions is possible with at Good Manufacture Practice (GMP) – complaint closed automated systems which ensure reproducibility can improve supply chain and reduce manufacture time (22–24). Allogeneic BCMA CAR-T products are under investigation. These third-party products have the advantage of being readily available, “off-the-shelf”, with no manufacturing requirements. Several allogeneic BCMA CAR-T cell therapies are in development, including CTX120, CYAD-211 (25–27).

Moreover, non-CAR-T alternatives for BCMA therapy are now available, which will help improve outcomes for those who cannot secure a CAR-T slot. Belantamab mafodotin was the only available first-in-class immunoconjugate targeting BCMA, showing single-agent activity in the phase 1 DREAMM-1 study available during the period that we conducted the study (28). Belantamab mafodotin was the most favored alternative for patients who did not have prompt access to CAR-T in our study population, however, it was withdrawn from the US market In November 2022 (29). Teclistimab is the first BCMA directed bispecific antibody T cell engager to be approved in December 2022 (30). Other promising novel BCMA and non-BCMA directed bispecific antibody T cell engagers are in development and will broaden the non-CAR-T options for RRMM patients (31, 32).

Limitations of our study include that it was a retrospective review conducted at a single center with limited sample size. Many patients were referred from outside health systems and received bridging therapy and alternate therapies at different health systems. Although we captured survival data, we were not accurately able to capture granular details on number of cycles of therapy, and disease responses to the alternate therapies. Moreover, since patients with more aggressive disease biology were less likely to be selected for CAR-T given long wait times and manufacture times, we acknowledge a natural selection bias in survival differences.

We conclude that access limitations to ide-cel production slots existed in 2021 and there was a high mortality rate for patients who are on the waitlist and not able to secure a timely production slot. The survival differences may reflect the fact that patient selection was stringent given challenges with production slots and manufacturing times. The landscape of access to BCMA therapy has been dynamic over the years with the availability of cilta-cel and now with BCMA bispecific antibody T-cell engagers such as teclistimab. Prioritizing research to optimize manufacturing time is urgently needed to facilitate prompt access to BCMA CAR-T for RRMM patients.
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Autologous chimeric antigen receptor-modified T-cell (CAR T) products have demonstrated un-precedent efficacy in treating many relapsed/refractory B-cell and plasma cell malignancies, leading to multiple commercial products now in routine clinical use. These positive responses to CAR T therapy have spurred biotech and big pharma companies to evaluate innovative production methods to increase patient access while maintaining adequate quality control and profitability. Autologous cellular therapies are, by definition, manufactured as single patient batches, and demand has soared for manufacturing facilities compliant with current Good Manufacturing Practice (cGMP) regulations. The use of a centralized production model is straining finite resources even in developed countries in North America and the European Union, and patient access is not feasible for most of the developing world. The idea of having a more uniform availability of these cell therapy products promoted the concept of point-of-care (POC) manufacturing or decentralized in-house production. While this strategy can potentially decrease the cost of manufacturing, the challenge comes in maintaining the same quality as currently available centrally manufactured products due to the lack of standardized manufacturing techniques amongst institutions. However, academic medical institutions and biotech companies alike have forged ahead innovating and adopting new technologies to launch clinical trials of CAR T products produced exclusively in-house. Here we discuss POC production of CAR T products.
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Limitations of current autologous chimeric antigen receptor T-cell manufacture model

Autologous chimeric antigen receptor-modified T-cell (CAR T) therapy has revolutionized the management of relapsed/refractory B-cell and plasma-cell malignancies. There are six different FDA approved autologous CAR T products manufactured by four different pharmaceutical companies (Table 1) (1–12). There are also more than 200 active CAR T clinical trials in the United States to optimize CAR T therapy efficacy, mitigate toxicities and broaden disease indications to additional hematologic malignancies, solid tumors, and even non-malignant diseases (13–18) The use of autologous CAR T therapy is expected to grow exponentially, but this growth will likely exacerbate two major current limitations of CAR T therapy: patient access and financial burden to the healthcare system (19–22).


TABLE 1 Commercially produced CAR-T cell products.
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Access is a major limitation even in large academic comprehensive cancer centers in the United States, where five out of the six FDA approved CAR T products were developed, and where the current commercial products are centrally manufactured. The access may be limited by the CAR T manufacturing capacity offered by pharmaceutical companies (23–25). Patients often wait up to 3 weeks for a “manufacturing slot”, an allocated date when the company can receive the patient's autologous apheresis product to start manufacturing CAR T cells (26–29).

Another major access limitation is the prolonged manufacturing and release time that frequently ranges from 2 to 4 weeks. Candidates for CAR T therapy usually have aggressive diseases and are heavily pre-treated, and often may decline clinically and become ineligible while waiting to receive treatment (24, 25, 27). Manufacture delays can be attributed to the approved methods used for transduction and expansion of T-cells, mainly based on technology from when the products were initially developed over 10 years ago. Moreover, because of the centralized nature of the process, shipment, and cryopreservation are required adding more time to the clinically significant “vein-to-vein” time (time from leukapheresis to CAR T infusion) (28).

Lastly, the current costs of commercially manufactured CAR T products total nearly $500,000 USD, in addition to other clinical costs with medications, hospitalization, transfusions etc. Such costs present a major burden on the healthcare system of developed countries and, therefore, are prohibitive for most of the population in the developing world (21, 22, 28). There is an unmet need to optimize the current model of CAR T manufacture, so both the “vein-to-vein” time and costs are minimized. To this end, there are two approaches of large interest: use of off-the-shelf allogeneic CAR T and decentralized in-house autologous CAR T manufacture (30–33) Despite the enthusiasm for the development of off-the-shelf allogeneic CAR T seen in multiple ongoing trials, so far their efficacy and persistence have been limited by rejection, on top of significant donor variability leading to significant T-cell fitness differences (31, 34, 35).

Here, we review the decentralized in-house CAR T manufacturing model. We also discuss different platforms available for decentralized in-house manufacturing (Table 2) and the challenges associated with implementation of these procedures.


TABLE 2 Different place-of-care manufacturing.
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General concept of CAR T manufacturing

There are two different logistical approaches to CAR T manufacturing: (1) the standard centralized process where the product is manufactured in cell therapy laboratories controlled by the pharmaceutical company; (2) the decentralized method where CAR T products are manufactured in one or more cell therapy laboratories within the academic healthcare system to support clinical trials and eventually even commercial manufacturing. The outline of various steps involved is mentioned below (1, 3, 4, 5, 6, 12, 13, 15, 20, 24, 32, 36–38).


	(1)Cell collection: Peripheral blood mononuclear cells (PBMCs) are collected through leukapheresis in an accredited healthcare facility. The cells are transported in a stringent cold chain system either at 2–8°C for fresh products or below −150°C for cryopreserved products (20, 36, 37).

	(2)CAR T manufacturing: CAR T products are manufactured in accordance with Food and Drug Administration (FDA) current Good Manufacturing Practice (cGMP) regulations, following multiple steps, detailed below (39).

	(a)T-cell enrichment from peripheral blood mononuclear cells (PBMCs) and activation using CD3/CD28 antibodies (5, 6, 12, 40–46).

	(b)Genetic engineering of the T-cells to induce CAR expression, most commonly through transduction with viral vectors (non-viral approaches are under investigation) (1, 3–6, 47–49).

	(c)CAR T expansion and harvesting in the presence of specific cytokines (1, 3–6, 15, 42, 45).

	(d)QC testing and release by the QA unit prior to distribution is critically important and typically takes 2–3 weeks. Fresh CAR T products typically must be infused within 48 h of harvest (19, 20, 50).




	(3)Administration: After release from centralized manufacture, the cryopreserved product is shipped in temperature-monitored packaging to the healthcare facility where the patient will be treated. Prior to infusion of CAR T products, patients are subjected to a lymphodepleting agent over several days (1, 3–6).





CAR T manufacturing systems: open/manual vs. closed/automated

Traditionally, small-scale manufacturing procedures utilize open systems in which a bag, tube or culture vessel with cells is open to the environment, albeit in an aseptic manner. Such open systems are almost completely manual and, as such, require multiple highly skilled laboratory scientists and technologists working hands-on for several full days over the culture period. Compared to truly closed systems, open systems are also more susceptible to microbiologic contamination and human error. Product manipulation is conducted in a classified cleanroom. CAR T production also requires co-culture of the stimulated T-cells with a gene vector (frequently a replication deficient viral vector), which also must be handled in a controlled environment that prevents exposure of the technical personnel or the laboratory environment (42, 51–54).

Alternatively, closed/automated systems utilize platform devices (e.g., CliniMACS Prodigy©, Lonza Cocoon© and others) that enable the apheresis product to move through the multiple steps of CAR T manufacture (T-cell isolation, activation, transduction, and CAR T expansion) inside a single use, disposable kit that is not directly opened to the environment. Sample removal and reagent or media addition are accomplished through sterile tubing welders or aseptic access ports, thus maintaining what is known as a “functionally closed system”. These automated systems may be operated in facilities with less stringent air classifications (i.e., ISO 8 or even unclassified space, as opposed to ISO 7) and mean significantly less hands-on time, and more consistent handling during manufacture. These advantages make automated manufacturing devices the preferred method for decentralized CAR T manufacture. It should be noted, however, that currently available devices are used for one CAR T product at a single time. To accommodate large patient volumes, centers would need to have multiple instruments with high price tags and requiring significant bench or floor space and implement well-controlled protocols for optimally timing the ending of one product's manufacture and apheresis collection and initiation of another product's run (13, 15, 23, 24, 30, 32, 38, 55, 56).

A third option is a hybrid semi-closed/semi-automatic system. Here, each individual step is automated, but done in separated devices with minimal manual product handling between steps/modules. This process can be facilitated by a robotic arm to minimize human error (57).



CAR T manufacturing location: centralized vs. decentralized


Centralized

All CAR T cell products approved by the FDA are manufactured centrally. The treating physician prescribes a specific FDA approved CAR T product and patient's PBMCs are shipped from the treating healthcare facility to the central manufacturing cell therapy laboratory. Often, pharmaceutical companies have a facility in North America and another in the European Union to supply the two main CAR T markets. After manufacture and cryopreservation, the product is shipped back to the treating healthcare facility (1, 3–6, 12). The main advantage of centralized manufacture is quality standardization that minimizes inter-product variability. The increased oversight and control afforded by a centralized manufacturing model was critical for commercialization of a labor-intense manual process (19, 20, 29). However, due to the personalized nature of autologous CAR T production, it is not possible to deliver a truly uniform CAR T product. There also remain many drawbacks with the centralized model as listed previously: long waiting time, patient access, and financial burden. Centrally manufactured CAR T products often spend more time in the QC/QA processes than in manufacturing (19, 20, 29).



Decentralized

In the decentralized model, the product is manufactured within or very near the same healthcare system where the patient will be treated. This model minimizes or eliminates the need for cryopreservation and improves timing and potentially costs. For instance, eliminating cryopreservation of the starting material can potentially influence cell quantity and quality, as the recovery and viability of PBMCs is often reduced after freezing and thawing compared with fresh apheresis products (24, 29, 30, 38, 58, 59). In the USA, the decentralized manufacturing model has been restricted to academic centers in the context of clinical trials. Initially, prior to CAR T FDA approvals, heavily manual POC manufacture was used exclusively for early phase, single center clinical trials at a select few institutions. Later, these groups transferred their technology and patents to biotechnology startups and large pharmaceutical companies that led the multi-center studies that adopted centralized manufacture strategies and resulted in the current FDA approvals (51–54).

The rapid development of bioreactors and other technologies is enabling a paradigm shift in which POC production is becoming more accessible. The use of automated closed systems including such as CliniMACS Prodigy© and Cocoon© has drastically reduced the need for clean rooms thereby decreasing the need for expensive infrastructure (15, 32, 60) Importantly, these automated systems comply with federal regulations requiring software that may generate electronic records involved in the manufacture of biologics. These systems can currently accommodate a lentiviral gene vector or non-viral vectors for T-cell transduction, with all subsequent steps through formulation which are conducted within this closed automated unit (61) The final product often is produced in a shorter manufacturing time (commonly 7–10 days vs. 14 days) and at a lower cost compared to centralized manufacturing, although there are not commercially available POC CAR T in the USA. Decentralized manufacturing also removes the risks and costs of transportation and may be infused fresh. The average cost of production of in-house CAR T cells can be as low as $35,000 USD if viral vector is provided by a sponsor or collaborator and is variable between $50,000- $1 million if GMP vector must be purchased by the center (29, 30) This does not include costs required for setup, staffing and maintenance.




Manufacturing platforms available for POC production

Here, we briefly describe the available bioreactors that provide a functionally closed GMP-compliant cell processing system. Various pros and cons of each platform is discussed in Table 3 (23).


	(A)CliniMACS Prodigy® system- The CliniMACS cell system was established in 1997 by Miltenyi Biotec for enrichment and depletion of specific cell types using magnetically labeled antibodies. The Prodigy system represents a technology that automates all the necessary steps of CAR T production beyond T cell enrichment, such as activation, transduction, washing, and media feeding in one closed tubing system. An electroporation attachment is now available allowing gene editing capabilities on one device. Though this platform ensures GMP compliance and reduces strict clean room requirements, some steps are still manual and extensive training is required. Nevertheless, this system is commonly used for production in academic medical centers throughout the world (13, 30, 61, 62).

	(B)The Cocoon® platform- The Cocoon system from Lonza is another closed manufacturing system that is based on a single use transportable cassette. The cassette internalizes all the media and reagents and can maintain the reagents in a temperature-controlled environment, although T cell enrichment currently must be performed on a CliniMACS device. The limitation again is that some steps are still manual, particularly if electroporation is needed (58, 60).

	(C)ekko™ acoustic cell processing system- The ekko™ system from MilliporeSigma is a novel GMP-compliant platform that utilizes acoustophoresis as a method of cell processing and production. This can be utilized for separating TCR-positive from TCR-negative cells and has been used for other therapies like NK cells. The disadvantage of this system is that it has not been widely utilized for CAR T cell production and hence data is limited (62).

	(D)G-Rex® bioreactor M series- Wilson Wolf's gas permeable rapid membrane technology allows G-Rex flasks to support the production of high cell density products over short culture durations in a familiar tissue culture flask format, but without the large capital investment of fully automated systems. Several different sizes from 2 cm2 to 500 cm2 make scaling up a classic T-flask method straight-forward. In addition, closed system G-Rex flasks with sterile fluid paths are now available, along with a liquid handling pump, the GatheRex, that simplifies and accelerates media exchange and cell harvesting. A limitation of this system is that manual monitoring of cell density and decision-making about splitting cultures to additional vessels are required quite often during production (62, 63).

	(E)Other technologies that are still under review to support widespread POC production include: the ThermoGenesis CAR TXpress™ platform, the Gibco CTS Rotea™, the Terumo Quantum® cell expansion system and the Cytiva perfusion media (62–64).




TABLE 3 Different manufacturing platforms for CAR-T production.
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Challenges to implementation of POC production

For all the promises and advancements in POC production, the process of implementing such a manufacturing system includes many challenges that must be overcome, including personnel training, quality management, facilities design, financing, and reagent sourcing.

Automated systems often use vectors including genetically modified lentivirus for transduction of CAR T cells during their production. Limited commercial production of GMP-grade viral vectors presents a universal challenge for all institutions aiming to manufacture CAR T cells. Institutions looking to implement POC manufacturing should establish early partnerships with viral vector suppliers or consider bringing GMP vector production in house to have better control over timelines. Interestingly, vector manufacturing capability is expanding worldwide (19, 20, 65–67). It is important to note that the cost will vary depending on the amount of testing required by the client, the size of the vector batch produced, and shipping requirements. Institutions would also be wise to consider sourcing research-grade vector preparations (often at a cost of less than $50,000) to enable development work and early validation activities before transitioning to a GMP-grade preparation for final validation runs.

POC manufacturing requires a highly skilled technical team with a working knowledge of aseptic techniques, clinical-grade reagents, and a variety of release assays to prove a product is suitable for use in humans. With automated POC platforms, the challenges presented by release tests are often more difficult to overcome than the actual manufacturing. This is further complicated when fresh CAR T products are desired, as a large QC team is required to perform STAT PCR testing of vector copy number, replication competent virus and mycoplasma, STAT flow cytometric testing of percent transduced cells and other cell types, along with other release tests such as endotoxin. Unfortunately, finding, training, and retaining skilled personnel is increasingly becoming a challenge for academic institutions. Creative workforce recruitment and training approaches are needed to expand the workforce to meet the demand. Infrastructure in the form of GMP-compliant lab space, procurement of additional space and external equipment will present a significant cost burden. To help in this effort, newer manufacturing platforms aim to remove this drawback and make operation in a lower-class environment possible (39) In essence, use of a closed production platform outside of a clean room is dependent on the classification of the space and the validation performed by the manufacturing staff demonstrating that the risk of contamination is mitigated to the same degree as if the product were being processed in a clean room environment (e.g., through technologist best practices, aseptic technique, environmental monitoring). Though regulations differ between countries, to our knowledge there are no regulations that prohibit the use of closed production platforms outside of a cleanroom if manufacturing practices are properly validated and documented.

Quality control is one of the greatest challenges to implementing POC manufacturing as opposed to centralized manufacturing. While the centralized manufacturing system has a well-organized QA system, the challenge with decentralized system is that we may have facilities that are technically capable for its production but not experienced with the QA and regulatory aspects of GMP manufacturing. POC manufacturing necessitates a strong quality program at the site, particularly in the absence of quality program support from a commercial entity. For trials to move into the clinic, the manufacturing institution needs to possess professional knowledge of federal regulations and a robust team to handle information requests during the regulatory review process (39). For fresh CAR T products, a QA team that is knowledgeable and comfortable with the manufacturing process and QC tests is important to achieve a thorough but rapid batch record review and product release, as sampling, harvesting and distribution are typically performed over a 24 h time frame with a goal of infusing on first shift (68, 69). We summarize the important components required for setting up a GMP clean room in Table 4.


TABLE 4 Components of a GMP clean room.
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In the case of distributed, POC manufacturing, it would be incumbent upon the sponsor of the trial to oversee and continuously monitor (via audits and on-site visits) the operations and quality management at individual manufacturing sites. All documents would be subject to central review by the sponsoring company/entity. However, it is likely the quality agreement (which must be in place before manufacturing begins) would outsource real-time release testing results review and product sign-out to the POC manufacturing center, whose quality management system and leadership would have been thoroughly audited by the sponsor. Before trial initiation, technology transfer activities and verification studies would provide documentation of comparability in production and release testing methods across sites. Once the trial began, continuous communication and quality audits would protect against deviations and drift in critical quality attributes.

Financing POC manufacturing remains a challenge. Innovative approaches will be necessary to disseminate this approach. For example, the Biologics License Application FDA mechanism could allow a network of centers to produce CAR T cells, under the basic assumption that the process would be verifiable and similar in all production facilities, which would in turn market the product for sale. Another intriguing possibility is to seek institutional licensing similarly to what has been done with cord blood banks in the USA.

Toxicity profiles play an important role in the feasibility of in-house developed and manufactured products. Commercially available products have extensive documentation and a detailed spectrum of possible toxicities like cytokine release syndrome and neurotoxicity. It is expected that POC manufactured products will have such extensive documentation. Most importantly, if more than one center is to provide locally manufactured CAR T cells, all participating laboratories will have to show the same standard and comparable results, including similar release tests. The almost universal use of lymphodepleting agents like cyclophosphamide and fludarabine prior to the use of CAR T cells also significantly affects the toxicity profile. These potential responses require robust clinical and quality teams to monitor reactions.



POC manufacturing of CART cells in the US system and global perspectives

Several academic institutions have started producing in-house products, like Case Western Reserve University Hospital (CWRU/UH) in Cleveland, Ohio, Medical College of Wisconsin (MCW) in Milwaukee, Wisconsin and Stanford, Palo Alto, California have utilized the CliniMACS platform using a lentiviral vector (13, 15, 32, 59). At CWRU/UH experience, 100% manufacturing success of anti-CD19 CAR T cells was achieved in 24 patients with median time from apheresis to infusion of 13 days. Similar efficacy and toxicity with other FDA approved CAR T cells products was observed (32, 59) At MCW and Stanford, POC manufacturing has been used in clinical trials of bispecific CAR T cells, including patients who had failed previous anti-CD19 CAR T cells, and they have shown feasibility with promising efficacy without safety signals concerns (13, 15) Twenty-six anti-CD19/CD20 CAR T cell products were manufactured using a fixed 14 days process in the CliniMACS Prodigy device. The target dose of CAR T cells was achieved in 85% of patients (22 of 26), with 100% successful manufacturing in CAR-naive patients (15) Similarly, the Ohio State University team is using the same platform to produce CD19/CD20/CD22 CAR T cells in 6–7 days to support a clinical trial (ClinicalTrials.gov Identifier: NCT05418088) (70).

Globally, production of CAR T cells is challenging. Different countries have different regulatory pathways, which adds to the challenge of having a single uniform international regulatory standard. Despite this, some countries have developed innovative approaches for POC production.

For instance, in Spain, a national network of hospitals was established for production of CD19-specific CAR T cells used in the treatment of relapsed ALL that resulted in approval by the European Medicines Agency (EMA). On the Spanish group pivotal clinical trial, 54 patients underwent apheresis with 87% of success in CAR T cell manufacture. The median vein-to-vein time was not yet shorter than centralized manufactured products, mostly due to 7 patients who required 2 apheresis and numerous intervening medical complications that forced delays to start lymphodepleting chemotherapy and cell infusion (38).

In China, authorities have encouraged small start-up companies to produce these products in direct collaboration with a clinical center (71). Through this partnership and decentralized CAR T cells manufacture, there are over 500 Chinese clinical trials registered aiming to improve CAR T cells manufacture efficiency and efficacy. An example is provided by Nanjing Biolegend with its anti-BCMA CAR T cell for multiple myeloma, now approved by FDA and promising data from early phase clinical trials with anti-claudin CAR T cells in gastrointestinal malignancies (4, 18, 71).

Similarly centers in Germany, Israel, India, and Brazil have started introducing the concept of POC production, with some clear challenges remaining to full access. For instance, Palani et al. in India have demonstrated production of CAR T cells using the ClinicMACS platform, but no patients have been treated due to the limitation of financial assistance. All the above centers have laid foundation for middle income countries to begin discussions about setting up research labs, thereby enhancing the global acceptance of this novel product (24, 30, 72).



Intellectual property, research & development investment, and equitable access

Early-stage CAR T cell products were initially funded by government institutions or philanthropic societies. The next generation of CAR T products should reach all countries, regardless of national income or funding abilities. As mentioned by Lam and collaborators in the United Kingdom, decentralized manufacturing can be quite cost effective, particularly if multiple smaller units are set up in a common geographical area, thereby allowing equipment and personnel to be better utilized at a local level (29). Sharing resources between multiple hospitals could benefit a larger population by easy accessibility to these products. Likewise, partnerships with pharmaceutical suppliers would more readily facilitate hospital-based studies and clinical trials for production of genetically modified products in a cost-effective manner. Indeed, biotech companies are beginning to appreciate the advantages of POC manufacturing and are working to roll out their manufacturing and testing platforms to select academic centers with the goal of commercializing with regional manufacturing centers around the world (15, 32, 38).



Healthcare legislation

Healthcare legislation underpins all modern research and technology. To expand the use of cell and gene therapies across the world, especially in low-income areas, a uniform code of practice should be formulated to ensure adequate quality of production of these products in a safe environment. Legislation is necessary to ensure protection from unethical and harmful practices, particularly when such regulations have not been codified before. An individual's right to permit the use of his or her own cells must always be protected. The adoption of the WHO concept of Universal Health Coverage (UHC) where “all communities can use promotive, preventive, curative and rehabilitative services they need while ensuring that the use of these services does not expose the user to financial hardships” is an essential step in expanding therapeutic access and enabling high-quality research (73).



Health economics and capacity building

Given the high cost of production and delivery limiting therapeutic use in various countries, resource allocation will play an essential role in implementing a therapeutic program in emerging markets. An important concept of the ICER, or incremental cost-effective ratio, serves as a basis for considering an intervention as good value for money. Using this concept, various programs in Africa for treating hemophilia and providing cancer chemotherapy have reached a wider network of patients (74) This concept can be easily applied to cell and gene therapy by implementing POC manufacturing in targeted geographical areas and appropriate demographic areas that will provide maximum benefits for patients (75).

Current CAR T cell product prices ranges anywhere between USD $373,000 to $475,000 which is unaffordable in most nations (29, 30, 76) The use of decentralized production will be beneficial in such scenarios where pharmaceutical production will not be profitable. Also, the use of partnerships between low- and medium-income nations mat achieve a balance between cost-effectiveness and affordability. An example of this partnership is seen between South Africa and India where two biotech companies are providing services of their genetic therapies at a tenfold lower price (74, 76).

Capacity building mainly includes strengthening the workforce. The administration and production of these products need a strong local workforce. Collaborations between different countries mainly for training and education is extremely important. Various universities have increased scholarships for students from low-income nations. An initiative started by the South-African government is the BM-NHSP (Bongani Mayosi National Health Scholars Program) where students are trained in genetic and cellular therapy (74). A similar initiative was started by the Bill & Melinda Gates Foundation with the NIH (National Institutes of Health) that supports genetic therapy in under-resourced nations. To fully capitalize on decentralization, training of skilled workers in high-technology equipment production and maintenance at a local level is essential to ensure high quality therapeutic use and patient care. As enumerated above, these modifications will help in maintaining a high quality of research worldwide and will help countries reap the benefits of genetically modified agents that were once considered unavailable to them.



Conclusion

POC manufacturing is a promising approach to expand the availability and utilization of CAR T cell therapies worldwide in a both time- and cost-effective manner. While there are several obstacles to overcome (e.g., availability of vectors, personnel training, lack of facilities), several initiatives are underway to address these issues. In addition, stringent regulatory oversight is required to maintain the quality and reproducibility of these products worldwide. Likewise, academic-pharmaceutical partnerships will be necessary to promote future research and innovation in the field.
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ltems Case 1 Case 2
Gender Female Male
Age,y 52 55

Past medical history

Anemia, history of blood transfusion

Pancreatitis, septicopyemia

Occupation Unemployed Farmer
Family history Thalassemia None
History of the epidemic area Sichuan Sichuan, Xinjiang

Chief complaints Recurrent fever for 7 d, up to 39.6°C Recurrent fever for 1 m, up to 41°C
Accompanying symptoms Cough, expectoration, fatigue, anhelation, chilly, shiver Shiver
Clinical signs Hepatosplenomegaly, pancytopenia Hepatosplenomegaly
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Timeline Physical examination items  Medical results Diagnosis and treatme
2021-1-9 Urinary ultrasound Urate crystal in bilateral renal Treatment: Ceftriaxone sodium, clindamycin,
Brain MRI scan Slight ischemic lacuna in the brain methylprednisolone
Chest CT No abnormality seen
2021-1-11 Anemia detection FOL 16.62 ng/ml
VB12343.7 ng/ml
SF 614.8ng/ml
2021-1-13 Bone marrow aspiration smear Low proliferation rate of nucleated cells
24 h urine protein quantitation 563.8 mg/24 h
Blood clotting assays Fibrinogen 4.59 g/L
D-dimer 3.86 mg/L
2021-1-14 Blood routine WBC3.3 x 10°/L
RBC2.88 x 10"2/L
HGB 63 g/L
PLT 50 x 10°/L
2021-1-15 Urine routine Occult blood 10 (£) RBC/ul Tentative diagnosis: Fever, with a moderalj
Blood routine WBC 3.43 x 10°/L anemia, chronic nephritis, hypertension of grad
HGB 66 g/L 2,and type 2 diabetes
PLT 61 x 10°/L Treatment: Tazocin, moxifloxacin, oseltamivir,
ESR 99 mm/H FOL Tablets, VB12, clexane
CRP 106.96 mg/L
PCT 0.41 ng/ml
1L-6 164.3 pg/ml
Blood pathogens detection Negative
Respiratory tract pathogens detection Weakly positive Parainfluenza Virus Types 1-2-3
IgM antibody
Coombs test Positive
Polyspecific antibody Positive
Chest CT scan Splenomegaly
Abdominal B-mode ultrasound Hepatosplenomegaly
2021-1-19 Bone marrow aspiration smear Active bone marrow hyperplasia, dysplastic
changes in erythroid cells
2021-1-20 Bone marrow chromosome karyotyping | No abnormality seen
2021-1-21 Analysis of gene mutation in myeloid No pathogenic mutation found
blood diseases
2021-1-24 Peripheral blood mNGS detection Leishmania genus-specific sequence
2021-1-26 rK39 test Positive Diagnose: Visceral leishmaniasis
Treatment: Sodium stibogluconate regimen for
14 days
2021-3-2 Abdominal color ultrasound Splenomegaly
Blood routine WBC4.22 x 10°/L
HGB 75g/L
PLT 136 x 10°/L
2021-3-8 Peripheral blood mNGS detection Leishmania genus in mcfDNA

MRI, magnetic resonance imaging; CT, computed tomography; FOL, folic acid; VB12, vitamin B12; SE, serum ferritin; mNGS, metagenomic next-generation sequencing; WBC white blood
cell; RBC, red blood cell; HGB, hemoglobin; PLT, platelet; CRP C-reactive protein; PCT, procalcitonin; IL-6, interleukin-6; ESR, erythrocyte sedimentation rate.
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Cases Date Test items Total reads Non-human Leishmania sequence reads Relative

number reads number abundance
Genus Species

Case 1 2021-1-24 CfDNA 19,608,044 177,919 11,552 / 100%
2021-1-24 CfRNA 31,691,424 433,348 7,509 / 100%
2021-3-8 CfDNA 33,464,222 284,827 73 / 100%
2021-3-8 CfRNA 24,055,354 206,251 0 / 100%

Case2 2021-2:9 CfDNA 20,469,766 848,480 606 15 100%
2021-3-7 CfDNA 55,851,536 563,416 8 8 154%
2021-3-14 CfDNA 24,341,788 161,652 0 0 /
2021-3-14 CfRNA 19,744,882 129,835 0 0 /

CfDNA, cell-free deoxyribonucleic acid; CfRNA, cell-free ribonucleic acid.
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Disease Drug Phase/Status | Target
B-Thal Luspatercept FDA and EMA Ineffective
approved erythropoiesis
Mitapivat Phase 2 Pyruvate kinase
activator
LentiGlobin (BB305) |[FDA and EMA Gene therapy
approved
CTX001 Phase 3 Gene editing
Vamifeport Phase 2a ferroportin inhibitor
Sapablursen Phase 2 TMPRSS6 inhibitor
SCD Voxelotor (GBT440) |[FDA and EMA HbS polymerization
approved
Crizanlizumab FDA and EMA Vaso-occlusion
approved
Mitapivat Phase 2/3 Pyruvate kinase
activator
Etavopivat Phase 1 Pyruvate kinase
activator
L-glutamine FDA approved/Phase |Substrate of
3 NAD + synthetase
LentiGlobin (BB305) | Phase 3 Gene therapy
CTX001 Phase 3 Gene editing
PKD Mitapivat FDA and EMA Pyruvate kinase
approved activator
RP-L301 Phase 1 Gene therapy

B-Thal, beta-thalassemia; SCD, sickle cell disease; PKD, pyruvate kinase deficiency; FDA,

food and drug administration; EMA, European Medical Agency.
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Disease Drug Phase/Status | Target

wAIHA Parsaclisib Phase 3 PI3K inhibitor
Ibrutinib/ Phase 2 BTK inhibitor
Rilzabrutinib
Bortezomib Phase 2/Case reports | Proteasome inhibitor
Daratumumab/ Case reports/Phase 1 |Anti-CD38 MoAb
Isatuximab
Pegcetacoplan Phase 2 C3 inhibitor
ANX005 Phase 2 Anti-C1qg MoAb
Fostamatinib Phase 3 SyK inhibitor
Nipocalimab/RVT- | Phase 3/Phase 2 Anti-FcRn MoAb
1401
CAD Sutimlimab FDA and EMA Anti-Cls MoAb
approved
Pegcetacoplan Phase 3 C3 inhibitor
PNH Ravulizumab FDA and EMA Anti-C5 Moab
approved
Crovalimab Phase 3 Anti-C5 Moab
Pegcetacoplan FDA and EMA C3 inhibitor
approved
Iptacopan Phase 3 Factor B inhibitor
Danicopan Phase 3 Factor D inhibitor
Vemircopan Phase 2 Factor D inhibitor
BCX9930 Phase 2 Factor D inhibitor
AA Eltrombopag FDA and EMA TPO-RA
approved
Romiplostim Phase 2/3 TPO-RA

WAIHA, warm autoimmune hemolytic anemia; CAD, cold agglutinin disease; PNH,
paroxysmal nocturnal hemoglobinuria; AA, aplastic anemia; MoAb, monoclonal
antibody; PI3K, phosphoinositide 3-kinase; BTK, bruton tyrosine kinase; SyK, spleen
tyrosine kinase; FcRn, neonatal Fc receptor; TPO-RA, thrombopoietin receptor agonist.
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The experiment used the same dataset and allfive physicians had more than 10 years of
diagnostic experience.
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Product
Kymriah (Tisagenlecleucel)

Pharmaceutical company

Novartis

Target/Year
CD-19 (2017)

Indications
ALL, NHL

FDA approved

UK/EU approved

Yescarta (Axicablagene)

Kite/Gilead

CD-19 (2017)

NHL, Follicular lymphoma

Tecartus (Brexucabtagene)

Kite/Gilead

CD-19 (2020)

ALL, Mantle cell

Breyanzi (Lisocabtagene)

BMS

CD-19 (2021)

NHL

Abecma (Idecablagene)

BMS

BCMA (2021)

Multiple Myeloma

Carvykti (Ciltacebtegene)

Jansen

BCMA (2022)

Multiple myeloma
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Production Indications Manufacturing platform

time
Ortiz-Maldonado | 8-11 days. Acute lymphoblastic leukemia, non-Hodgkin's lymphoma Chronic | ARI-0001 (locally produced vector) cells at a dose of
etal. (28) Cryopreserved Iymphocytic leukemia 04-5 % 10° cells/kg. CliniMACS Prodigy®.
Maschan et al. (32) | 8-12 days Relapsed/refractory pediatric B-cell ALL and adult B-cell NHL. Phase I | (Lentigen®) CliniMACS Prodigy®.
Fresh cells clinical trials in Moscow (Russia) and Cleveland (USA)
Palani etal. (30) | 12 days No patients received the product. (Lentigen©)
CliniMACS Prodigy®.
Kedmi etal. (1) | 10 days Adult patients with aggressive B-cell lymphoma. Locally produced anti-CDI9 retrovirus vector with a
Fresh cells CD28 costimulatory domain.
Shahetal (1) | 14 days Adult patients with B cell non-Hodgkin lymphoma or chronic (Lentigen®) CAR T cells; CliniMACS Prodigye.
Fresh cells Iymphocytic leukemia
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Manufacturing
platforms
CliniMACS Prodigy

Advantages

Closed system performing all steps
from cell preparation and harvest to
final formulation.

Fresh or thawed peripheral blood
‘mononuclear cell (PBMC) products
can be loaded directly.

Extremely flexible platform.

High cell output with limited
processing time.

Disadvantages

“This system is driven by complex software that
requires close monitoring and detailed training
of operators.

High cost of installation and maintenance.

Clinical application

Used by Maschan and Shah et al. for CAR T
production for relapsed/refractory B-cell ALL and
Non-Hodgkin's lymphoma (11, 32).

Used for in-house, POC CD19/20/22 CAR T
production (NCT05418088).

Lonza Cocoon

Wilson Wolf G-Rex |
(Gas permeable)
bioreactor system

Simple operability as it uses
customized cassettes.

Can use reagents and multiple
stimulating agents from various
‘manufacturers.

Lower cost of installation and
‘maintenance.

Simple, cost effective, and practical in
its use for production.

Manufactures multiple cell types,
Cost-effective installation and
‘maintenance.

Requires stringent temperature control during
processing.

Initial steps of T-cell enrichment and
transduction remain manual and require
utilization of the CliniMACS system.

Lower output when compared to CliniMACs.

Risk of contamination as some steps need to
be performed manually e, electroporation
and depletion of cells.

Higher use of man-power and increased need
for training.

Lower cell output per unit. Requires multiple
units for large-scale processes.

Used in combination with CliniMACS Prodigy
(11,32).

Used in production of CD-19 CAR T production
for relapsed non-Hodgkin's lymphoma by Anguille
etal. (60).

Being evaluated for genetically engineered T-cell
expansion to treat human papilloma virus associated
cancers (NCT02858310).
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1. Flush design and finish

2. Environmental and Microbiological
monitoring

3. Personnel and Material Air locks

4. Interlocking system and alarms

5. A rest versus operation
cleanliness level

6. HVAC system

‘The primary aim of a clean room is to minimize as few contaminants as possible. This is prioritized using a flush design for walls,

windows, ceilings, and doors. It includes having no-edge windows, T-seals ceiling tiles, recessed light system, low air returns and
flush finish sprinklers. GMP compliant doors need to be easily cleanable and resistant to cleaning agents. Sliding doors should be
avoided.

‘The monitoring system which includes temperature, humidity, and pressure ranges from $50,000-1 milion dollars. The aim i to

reduce microbial load, also known as bioburden. The design incorporates separate designated sections for specific activities such as
a separate descrambling table, filling zone, stoppering zone, and a capping station.

Clean rooms must include personnel and material airlocks built between exit and entry points. The aim is to prevent microbial
and particle contamination from protective gear.

Interlocking and alarm systems are safe systems for opening and closing doors with minimun loss of pressure within the clean

room. This prevents air exchange between the manufacturing area and the outside space.

Two separate levels of cleanliness need to be identified when workers are present within the room (operation) and when the clean

room is unoccupied (rest). For example, maximun permitted number of particles at >0.5micron at rest is limited to 3,520-352000
depending on the grade of operation.

The HVAC system plays an important role as it determines the number of air-changes required per hour depending on the
dimension of the room and the products manufactured in the clean room.

Sinks and drains should not be present in the clean room zone but are allowed in the gowning area. Mechanical valves should be
installed between the sink and drains.
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nts evaluated for ide-cel March

Not Eligible (n=14, 26%)

Less than 4 lines of therapy / no progression
(n=9)

Primary plasma cell leukemia (n=1)
Inadequate organ function/ poor KPS (n=1)
Patient choice (n=3)

Eligible for ide-cel n (n=40, 74%)

Non-CAR-T group (n=16, 40%)

Subsequent Therapy: Bridging Therapy:

Belantamab mefodotin (n=7, 45%) Pomalidomide or Pom-dex 17%),
KD-PACE(n=1, 6%) VD-PACE and KD-PACE (n=4, 17%)
No brid =4, 17%)
CyborD (n=1, 6%) o cerely ) .

Dexamethasone (n=3, 13%) B ocath before infusion
Daratumumab based quadruple (n=1, 6%) CyborD (n=2, 8%) (n=1,4%)
Pomalidomide-dex (n=1, 6%) PRI (L]
Carfilzomab-dex (n=1, 4%)
Lenalidomide-dex (n=1, 4%)
Ixazomab-pomalidomide-dex (n=1, 6%) Cyclophosphomide-dex (n=1, 4%)
Carfilzomab-Cytoxan-dex (n=1, 6%) DPd (n=1, 4%)

d (1=, 4%
Unknown (n=2, 13%) ;:miy‘ni?)w)

Elotuzumab-pomalidomide-dex (n=1, 6%)

cyborD=cyclophosphamide, bortezomib, dexamethasone; VD-PACE=bortezomib-dexamethasone-cisplatin- doxorubicin-
cyclophosphamide-gtoposide KD-PACE= carfilzomab, dexamethasone, cisplatin, doxorubicin,cyclophosphamide,

etoposide; dex=dexamethasone; CyborD=Cytoxan, velcade, dexamethasone; dex=dexamethasone; DPD=daratumumab- (n=23, 96%)
pomalidomide-dexamethasone; KPD= carfilzomib-pom-dex; Pom-Cy =pomalyst and cytoxan
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Non-CAR-T group

Number at Risk
CAR-T group

2

Non-CAR-T group

16

5 10 15 2 2
Months
2 19 15 13 2

No.of  Median Overall
Patients  Survival (95% CI)

mo
CAR-Tgroup 2 NR
Non-CAR-T group 16 9(5.5-12.5)

p<0.001
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All Patients who Received

Patients who could not receive

Characteristics (n,%) patients Leukapheresis for BCMA CAR T leukapheresis for BCMA CAR T (n=16) P
(n=40) (n=24) value
Gender
Male 26 (65) 16 (67) 10 (63)
1.000
Female 14 (35) 8(33) 6 (38)
Race
7 Caucasian i 28 (70) [ 19 (79) 9 (56)
African American 10 (25) 5(21) 5(31) 0.126
Other 2(5) 0 (0) 2(13)
;";fi;;ﬁf;;‘) Consultation (Years, | (5g_gg) 61 (57-68) 61 (58-71) 0709
?:f:ﬁ E‘:‘; sf“;‘: - iy 539 6(9) 429) 0192
ij::ef“z’;:fg:::ﬁé“ b 7(5:8) 5(57) 0138
Myeloma Subtype :
IgG Kappa 12 (31) 8 (33) 4(25)
IgG Lambda 8(20) 5(21) 3(19)
0.925
Light Chain (Lambda or Kappa) 7 (18) 4(17) 3(19)
Other 13 (33) 7 (29) 6 (38)
High-Risk Cytogenetics* 20 (50) 11 (46) 9 (56) 0.748
Extramedullary Disease** 12 (30) 7 (29) 5(31) 1.000
Penta-refractory 32 (80) 21 (88) 11 (69) 0.229
Prior BCMA Therapy Exposure 10 (25) 7(29) 3(19) 0.711
Prior Autologous Transplant 30 (75) 20 (83) 10 (63) 0.159
Prior Allogeneic Transplant ‘ 3(8) 3 (13) 0(0) 0.255
MedidwDiration o6 Rollow:Up 14 (7-23) 22 (13-24) 8 (5-12) <0.001
(Months, 25-75 Quartile)
x:;::ﬁg;:’;‘: 7‘;"31’:‘5: N/A 42(37-49.5) N/A NC
6 Month Survival 31 (78) 22 (92) 9 (56) 0.018
Overall Survival (Months, 25-75 15 (9-NR) NR (13-NR) 9(5-12) <0.001

Quartile)

*High risk Cytogenetics defined as t(4:14), t(14;16)t(14:20), gain 1q and 17p del. BCMA: B cell maturation antigen; **Defined as non-osseous extramedullary disease, BCMA=B cell maturation antigen.
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Cyclophosphamide 120
mg/kg

N gs elapsed Complete VGPR
disease response

Cailleteau et al. (10) Phase I 13 | Melphalan 140 mg/m2 Max 14 Gy 100% 31% 69%
Ladbury etal. (11) Phase I/11 54 - MTD 16 Gy 0% 48% 70%
Giebel etal. (12) Phase IT 50 - 12Gy 0% 42% NA
Patel et al. (13) Phase I 12 Melphalan 200 mg/m2 Max 9 Gy 100% NA 73%
Linetal. (14) Randomized 3 Melphalan 140 mg/m2 8Gy 0% - -

Somlo et al. (15) Phase I 25 | - MTD 16 Gy 0% 23% 73%
Einsele etal. (9) Phase I/11 89 | Busulfan 12 mg/kg 9Gy 0% 44% 56%

TML total marrow irradiation; VGPR, very good partial response; MTD, maximum tolerated dose.
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A o ea pe o d Disease Disease sta a onditio g dose @) elapse
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Ogawa et al. (16) Prospective phase I 9 ALL and CMML Complete response Cyclophosphamide and 14-18Gy Yes 0 1y:83% 33,3% (3 cases)
trial TMLI
Alietal. (6) Prospective phase I 23 Hematological 73% had active or Busulfan (2 days) and 6Gy No 1y:4% 1y 65% ly: 43%
trial malignancies measurable residual fludarabine
disease at transplant
Stein etal. (17) Prospective phase IT 18 AML Complete response and TMLI and PTCy 20Gy Yes 2y:0% 2y:86.7% 2y:16.7%
trial (MRD)-negative
Haraldsson et al. Prospective 37 Hematological Complete and partial TMI-based 12Gy No - 1y GRES: 67.5% -
(18) observational study malignancies response
Shi etal. (19) Retrospective study 61 Hematological 20/ patients with TMI/ TMLI 10 Gy Yes 2y:5% 2y:74.7% 27%
malignancies refractory leukemia hypo-fractionation
Jensen et al. (20) Prospective study 61 Hematological Complete and partial Fludarabine, Melphalan, 12Gy Yes 5y:41% 5y:33% 5y:26%
malignancies response and active TMLI
disease
Stein etal. (21) Prospective phase I 51 Acute leukemia relapsed/refractory Cyclophosphamide and 12-20 Gy Yes 1y:3.9% 1y:55.5% 64%
study etoposide, TMLI
Hui etal. (22) Prospective phase I 12 Acute leukemia and Complete and partial Cyclophosphamide and 15Gy and 18 Gy No 1y:42% 1Y:42% 1y:36%
study prolymphocytic response and active fludarabine, TMI
leukemia disease
Patel etal. (23) Prospective phase I 14 High-risk Complete response and Busulfan and fludarabine, 3-12Gy No 3y:28% 3y:50%
study hematologic active disease T™I
malignancies
Rosenthal et al. (24) Prospective Phase 1/2 33 Advanced Complete and partial Fludarabine, Melphalan, 12Gy Yes 2y:25% 1y:75% 21%
study hematologic disease response and active TMLI
disease
Wong etal. (25) Prospective phase [ 12 Advanced Induction failure and first | TMI, etoposide and 12-15Gy No 16% 50% 33.3%
study AML/ALL relapse cyclophosphamide
Wong etal. (25) Prospective phase I 20 Advanced Induction failure, firstand | Busulfan and etoposide, 12-13.5Gy No 40% 25% 35%
study AML/ALL second relapse TMI

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CMML, chronic myelomonocytic leukemia; TMLI, total marrow and lymphoid irradiation; TMI, total marrow irradiation; TRM, transplant-related mortality; OS, overall survival; PTCy,

post-transplant cyclophosphamide; GRES, graft-vs.-host disease-relapse-free survival.
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Long Term Complications of immune TTP

Cerebrovascular
Stroke
'Silent’ cerebral infarcts

Neuropsychiatric
Cognitive impairment
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PTSD

Cardiovascular
Myocardial infarction
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SLE and other
autoimmune disease
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Global
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Fatigue

Reduced quality of life

Pregnancy complications
Gravidic iTTP

Fetal loss

Preeclampsia
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Relapse risk
o ADAMTS13 monitoring and preemptive rituximab
e |dentify optimal immunosuppression after rituximab failure
e |dentify improved biomarkers for relapse

Stroke and cardiovascular disease
e Multidisciplinary care
e Address traditional cardiovascular risk factors
e |dentify optimal ADAMTS13 activity targets in clinical remission
e Test interventions to improve cardiovascular outcomes

Neuropsychiatric sequelae
o Offer referrals for neurocognitive testing
o Screen for depression and PTSD, mental health referrals
o Study mechanisms contributing to cognitive impairment

Pregnancy morbidity

e ADAMTS13 monitoring
e Prophylactic therapy with plasma and/or immunosuppression
e Collaborative care with maternal and fetal medicine
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Timeline

Physical examination items

Medical results

2021-1-25 Blood routine WBC2.94 x 10°/L Tentative diagnosis: Fever, suspected
RBC 2.68 x 10'2/L infection or hemophagocytic syndrome
HGB 80 g/L
PLT 209 x 10°/L
Abdominal color ultrasound Hepatosplenomegaly
ESR 24 mm/H
PCT 0.499 pg/L
Amylase 149 U/L
Lipase 210 U/L
Blood pathogens detection Negative
Respiratory tract pathogens Negative
EBV Positive
Tumor marker CA12536.92 U/mL
CA19-935.67 U/mL
NSE 13.02 pg/L
Blood culture Negative
2021-1-27 Blood routine WBC2.24 x 10°/L
RBC 2.49 x 102/L
HGB 75 g/L
PCT PLT 112 x 10°/L
461 pg/L
2021-1-30 Blood routine WBC3.03 x 10°/L
RBC2.87 x 10'*/L
HGB 87 g/L
PLT 102 x 10°/L
PCT 1.05 pg/L
Amylase 139 U/L
Lipase 215U/L
FOL 4.4ng/ml
VBI12 439ng/ml
SF >40,000 ng/ml
2021-2-4 Blood routine WBC 1.76 x 10°/L
RBC 2.6 x 10'2/L,
HGB 78 g/L
PLT 84 x 10°/L,
Amylase 189 U/L
Lipase 182 U/L
2021-2-6 Blood routine WBC5.78 x 10°/L
RBC 2.5 x 10'2/L
HGB75 g/L
PLT 78 x 10°/L
PCT 0.186 pg/L
Amylase 169 U/L
Lipase 22U/L
SF >40,000 ng/ml
2021-2-7 Bone marrow aspiration smear Active bone marrow
hyperplasia, hemophagocytosis
2021-2-9 Peripheral blood mNGS detection Leishmania donovani
2021-2-10 Bone marrow aspiration smear Suspected Leishmania Diagnosis: Visceral leishmaniasis,
rK39 test Positive hemophagocytic syndrome Treatment:
Blood routine WBC 1.8 x 10°/L sodium stibogluconate for 3 weeks
RBC 2.4 x10"2/L
HGB 71 g/L
PLT 85 x 10°/L
PCT 0.184 pg/L
2021-2-25 Analysis of gene mutation in No pathogenic mutation found
hemophagocytic syndrome
2021-3-5 Blood routine WBC 3.65 x 10°/L
RBC 2.89 x 10"2/L
HGB 95 g/L
PLT 240 x 10°/L
2021-3-7 Peripheral blood mNGS detection Leishmania
2021-3-12 Blood routine WBC5.97 x 10°/L
RBC3.2 x 1022/L
HGB 104 g/L
PLT 342 x10°/L.
SF 2,756.38 ng/ml
2021-3-14 Peripheral blood mNGS detection None

EBV, Epstein-Barr virus.
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1924-2023: EVOLUTION OF iTTP FROM AN ACUTE FATAL ILLNESS TO A CHRONIC DISEASE

1924 1982 1996-98

2010-present —»> 2020s and current agenda ——»
Moschovitz reports Unusually large VWF ADAMTS13 function Long term sequelae of TTP Recombinant ADAMTS13 and other
first case of TTP multimers detected and anti-ADAMTS13 recognized (cognitive, novel therapies
in TTP plasma antibodies identified vascular, comorbidities, etc) Novel immunomodulatory agents
Treatment without plasma
1977 1991 2003 2014 2019
Reports of treatment Standard treatment Rituximab for Rituximab for Caplacizumab for
with plasma with plasma relapsed/refractory upfront treatment acute iTTP
exchange and TIP of TTP
steroids established
Acute iTTP )
mortality g2
Clinical and Survival of acute iTTP Targeted therapy Improve long term outcomes
research goals Understanding mechanisms underlying iTTP Relapse prevention Plasma-free treatment

PAST PRESENT FUTURE
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Alters lymphocyte and monocyte numbers
Regulates monocyte/macrophage &
neutrophil migration

Controls macrophage polarisation
Regulates cytokine responses

Influences splenic dendritic cell
proportions

Inactivates complement factors,
bradykinin & osteopontin
Activates chemerin enhancing
chemotaxis

Regulates neutrophil recruitment

s A"

sk \o./’l

3 % 4 ./
o

e
-m;'r BS

o -
o) g

> \\X\\

-I | Fibrin Degradation Products






OPS/images/fmed-10-1117192/crossmark.jpg
(®) Check for updates






OPS/images/fmed-10-1117192/fmed-10-1117192-e001.jpg





OPS/images/fmed-10-1117192/fmed-10-1117192-e002.jpg





OPS/images/fmed-10-1166871/crossmark.jpg
(®) Check for updates






OPS/images/fmed-10-1166871/fmed-10-1166871-g001.jpg
Screening Period

Treatment Period

Follow-up P Extended Follow-up
wa W
T ol Period Pre-inclusion Period ws w1019 w2052
| 1 T
BT s Visit 213 it 14-20
';tvenl&dnnur Tregs * Clinical assessment *+ Clinical assessment
eligibility INFUSION * CsA tapering * Efficacy assessment

“Patient & donor
informed consent

Visit-1
+Patient elgibilty
+Donor leukapheresis
+iG-Tregs production

1G-Tregs.
Manufacturing

™

+Product availability |
status

Phase | (Group A&B)
Cohort 1:0.1 x 10° iG-Tregs/kg.
Cohort 2:05 x 10°1G-Tregsk
Cohort 3:1.5 x 10° iG-Tregs/kg.

Phase Il (Group A&B)

Cohort 41,5 x 10°16-Tregsfhg or
best avaiabe dose

QC & Product
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2weeks





OPS/images/fmed-10-1166871/fmed-10-1166871-t001.jpg
uality control test

Mycoplasm
Endotoxinlevels
Immunophenotype
Cell number

Viability

Method
Cultures for aerobic and anacrobic bacteria

Cultures for fungi

chemical assay
LAL test

Flow Cytometry

Cell counting using hemocytometer

Trypan Blue staining

Criteria

Negative at week 7

Negative at week 8

Negative

<50 EU/kg

CD3+2 80%, alive HLA-G+ cells 210%
Cell Number0,1%10° kg

Viable cells 250%

Purpose
Final release
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Product manufacturing
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ansplante egime adiatio
Al Malki et al. (26) Prospective phase I 31 leukemias or Complete and partial Fludarabine, 12-20Gy Yes 2y:13% 1y:83% (20Gy) 1y:17%
study myelodysplastic response and active cyclophosphamide and (20Gy)
syndrome disease TMLIand PTCy
Ali etal. (6)* Prospective phase I 3 Hematological 73% had active or Busulfan (2 days) and 6Gy No 1y:4% 1y 65% ly: 43%
trial malignancies measurable residual fludarabine, TMI and
disease at transplant PTCy
Sarina etal. (27) Retrospective study 59 HL,NHL, CLL/PLL | Complete and partial Fludarabine, 2Gy Yes 2y:23% 2y:63% 2y:23%
response and active cyclophosphamide and
disease TMLI and PTCy

*Data of haploidentical were not presented separately.
TMLL total marrow and lymphoid irradiation; TMI, total marrow irradiation; TRM, transplant-related mortality; OS, overall survival; PTCy, Post-transplant cyclophosphamide; HL, Hodgkin lymphoma; NHL, non-Hodgkin lymphoma; CLL, chronic lymphocytic
leukemia; PLL, prolymphocytic leukemia.





