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SUMMARY: 
This protocol describes Stem Cell Educator therapy for ex vivo immune modulation of peripheral blood mononuclear cells and its application in patients with long COVID to evaluate safety, clinical outcomes, and immunological changes.

ABSTRACT: 
Long COVID, generally defined as clinical symptoms persisting for 3 months or longer following severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, affects multiple organs and systems. At least 400 million people globally are living with long COVID, with symptoms including persistent fatigue and brain fog. Currently, long COVID care mainly consists of symptomatic management and supportive approaches, with no validated effective treatments available that address the underlying inflammation. Stem Cell Educator (SCE) therapy is a treatment developed to modulate immune responses. This protocol describes SCE therapy and its application in patients with long COVID to evaluate safety, clinical outcomes, and immunological changes. During SCE therapy, a patient’s peripheral blood mononuclear cells (PBMC) are collected by leukapheresis and co-cultured with adherent cord-blood-derived multipotent stem cells (CB-SC) in vitro, after which the “educated” PBMC are returned to the patient’s circulation via infusion. SCE therapy has previously been evaluated in clinical studies for type 1 diabetes and other autoimmune diseases. Twenty-five patients with long COVID (15 males and 10 females) received SCE therapy. Five patients experienced mild adverse effects during apheresis, and one patient reported itching during infusion. Brain fog and fatigue disappeared in 21 of 25 patients following treatment, and most participants reported feeling refreshed, energized, and mentally clear. Flow cytometry demonstrated reductions in inflammatory markers, including interleukin-1 beta (IL-1β)-positive cells and C-X-C motif chemokine ligand 16 (CXCL16)-positive cells. These findings demonstrate the application of SCE therapy in patients with long COVID and provide preliminary clinical and immunological observations supporting further evaluation of this approach.

INTRODUCTION:
The global outbreak of coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has devastated populations worldwide, with over 651 million confirmed cases. Long COVID, generally defined as clinical symptoms persisting for 3 months or longer following SARS-CoV-2 infection, affects multiple organs and systems1–3. Based on a conservative estimate that 10% of infected individuals develop the condition, at least 400 million people globally are living with long COVID4,5. Many patients experience severe, multisystem symptoms, including persistent fatigue, brain fog, high sensitivity to light and sound, loss of smell and taste, and various autonomic dysfunctions, that significantly impair their quality of life. One prospective study of low-risk individuals, assessing the heart, lungs, liver, kidneys, pancreas, and spleen, noted that 70% of 201 patients exhibited damage to at least one organ and 29% had multiorgan involvement6,7. Currently, long COVID care mainly consists of symptomatic management and supportive approaches, with no validated effective treatments available1,2,8,9.

Clinical studies have demonstrated that patients with long COVID exhibit significant increases in the number of non-conventional monocytes (CD14lowCD16high)10, activated B cells, and exhausted T cells10, along with elevated levels of inflammatory cytokines, such as interleukin-1β (IL-1β) and IL-611. Further investigations have identified high levels of autoantibodies (autoAbs) in subjects with long COVID, including autoAbs targeting angiotensin-converting enzyme 2 (ACE2)12, five antinuclear autoAbs commonly associated with systemic lupus erythematosus (SLE)13, and a broad range of autoAbs against 2,770 extracellular and secreted proteins. A particularly high prevalence of autoAbs against immunomodulatory proteins (e.g., cytokines, chemokines, complement components, and cell surface proteins) was also detected14. Collectively, these findings indicate that subjects with long COVID are characterized by multiple immune dysfunctions that share key features with autoimmune diseases15,16.

Angiotensin-converting enzyme 2 (ACE2), a negative regulator of the renin-angiotensin system with diverse physiological functions, has been recognized as an entry receptor for SARS-CoV-2 into host cells17, together with other host factors and potential pathways involved in viral attachment or entry, including transmembrane protease, serine 2 (TMPRSS2) and cathepsin B/L18, CD14719, O-acetylated sialic acid20, the antibody-dependent enhancement (ADE) pathway21, and CD2622. ACE2 may act as a limiting factor for viral infection at the initial stage of infection23. Notably, our previous studies24 demonstrated that ACE2 expression was markedly upregulated on activated type 1 macrophages (M1) and on human tissue macrophages, such as alveolar macrophages, Kupffer cells within the liver, and microglial cells in the brain at steady state. These findings suggest that macrophages, as frontline immune defenders, may be directly targeted by SARS-CoV-2 infection, resulting in activation of the macrophage system24. Activated macrophages, in turn, can trigger broad immune responses by releasing the inflammatory cytokine IL-1β and other cytokines and chemokines, leading to chronic, severe clinical symptoms such as brain fog, fatigue, and multiorgan dysfunction. Therefore, for the treatment of long COVID, it is critical to protect and restore the functions of the monocyte/macrophage system through immune modulation. This could potentially reduce virus-induced inflammation, improve antiviral immunity, reset the immune system, improve clinical outcomes, and expedite patient recovery.

To treat patients with autoimmune diseases, we have developed a unique and innovative technology designated Stem Cell Educator (SCE) therapy, which is based on immune cell education by cord-blood-derived multipotent stem cells (CB-SC)25–27. Over the last 15 years, this technology has been evaluated through international multicenter clinical studies conducted in the United States, China, and Spain. These studies have demonstrated the clinical safety and efficacy of SCE therapy in treating type 1 diabetes (T1D), alopecia areata (AA)28, and other autoimmune conditions, including reversal of T1D-associated autoimmunity29,30 and treatment of other immune dysfunction-associated diseases, such as alopecia areata28, type 2 diabetes (T2D)31, and Crohn’s disease32. Mechanistic studies demonstrated that CB-SC could release exosomes33. Functional analysis revealed that CB-SC-derived exosomes inhibited the proliferation of activated peripheral blood mononuclear cells (PBMC), reduced the production of inflammatory cytokines, decreased the proportions of activated CD4+ T and CD8+ T cells, and increased the proportions of naïve CD4+ T and CD8+ T cells33. Using the fluorescent dye DiO to label exosomes, flow cytometry revealed that exosomes preferentially bound to monocytes in PBMC, leading to the differentiation of purified monocytes into spindle-like type 2 macrophages (M2) displaying anti-inflammatory markers33,34. Based on these findings, we hypothesized that SCE therapy may effectively address the multiple immune cell dysfunctions underlying the pathogenesis of patients with long COVID. In this pilot open-label clinical study, we aimed to evaluate safety, clinical efficacy, and immunological changes in patients with long COVID after treatment with SCE therapy. The overall goal of this method is to apply SCE therapy for ex vivo immune modulation of patient PBMC and to evaluate its use in patients with long COVID. 

PROTOCOL:
Conduct this open-label, single-site clinical study in accordance with the applicable institutional and regulatory requirements. Enroll and treat patients with long COVID (N = 25) from November 9, 2023, to June 11, 2026, at Throne’s outpatient facility through the Right-to-Try Act using the clinical protocol for type 1 diabetes under Investigational New Drug application IND 19247. Use the consent form approved by the central Institutional Review Board (IRB) at Advarra (Columbia, MD, USA; approval code CR00425169), and obtain signed informed consent from all participants before treatment.

Obtain human cord blood units collected from healthy donors through Life Line Stem Cell Tissue, Cord Blood Bank (New Haven, IN). Use cord blood units collected and distributed under the bank’s required accreditations, IRB approval, and signed donor consent. Treat enrolled subjects according to IND 19247, as summarized in Figure 1.

[Place Figure 1 here.]

Enroll patients aged ≥18 years with a confirmed diagnosis of long COVID and clinical symptoms persisting for ≥3 months. Exclude patients with clinically significant liver, kidney, or heart disease, or pregnancy. Schedule follow-up testing at months 1, 3, 6, 9, and 12 after SCE therapy to assess the durability of immune markers.

1. Preparation of SCE cultures

1.1. Receive the cord blood unit and release it for good manufacturing practice (GMP) production.

1.2. Transfer 30 mL of cord blood over 20 mL of density gradient medium (γ = 1.077) in a 50 mL conical tube.

1.3. Centrifuge at 1,690 × g for 15 min at 20°C in a swinging-bucket rotor without braking.

1.4. Carefully transfer the mononuclear cell layer to a new 50 mL conical tube containing 10 mL of 0.9% sodium chloride. Centrifuge at 751 × g for 10 min at 20°C to pellet the cells.

1.5. Discard the supernatant and add 10 mL of ACK lysis buffer to the cell pellet. Resuspend the cells by pipetting and incubate for 2–4 min at room temperature to remove red blood cells.

1.6. Fill the conical tube with 35 mL of 0.9% sodium chloride. Centrifuge at 751 × g for 5 min and discard the supernatant to obtain pelleted mononuclear cells.

1.7. Wash the cells once with 40 mL of 0.9% sodium chloride to remove the remaining lysis buffer.

1.8. Centrifuge at 751 × g for 5 min to pellet the cells.

1.9. Discard the supernatant and resuspend the cord blood mononuclear cells in 10 mL of chemically defined serum-free medium per tube.

1.10. Combine the cord blood mononuclear cell suspensions into a single tube.

1.11. Transfer 1 mL of the cell suspension into a new 50 mL conical tube and add 29 mL of chemically defined serum-free medium to prepare a 1:30 dilution.

1.12. Load 20 µL of the diluted cell suspension into the counting chamber. Quantify the cell number using an automated cell counter.

1.13. Set up TC20 Automated Cell Counter, select cell size gating from 4–12 µm, and count cell concentration. 

NOTE: Cord blood units are freshly collected with high viability (≥95%). There is no need to test cell viability. 

1.14. Seed the mononuclear cells into each layer of the SCE device (12-layer immune-education culture device) at 3–4 mL per layer. Add 25 mL of chemically defined serum-free cell culture medium to each layer. Use  240 × 106 total nucleated cells (TNC) for preparation of one 12-layer device.

1.15. Target 20–40 × 10⁶ cord blood mononuclear cells per layer. 

1.16. Incubate the 12-layer immune-education culture device at 37°C under 8% CO₂ for 10–14 days until the CB-SC reach  80% confluence.

1.17. Do not change the medium during the 10–14-day incubation. Add 20 mL medium/layer to keep CB-SC at good viability if the SCE cannot be used for clinical treatment within 20 days after the start of incubation. 

1.18. Observe the CB-SC cultures under the microscope, randomly count the cell confluence from five fields (center, left, top, right and bottom of top layer), and then calculate the average of cell confluence. SCE will be ready for clinical treatment once the CB-SC reach  80% confluence. 

1.19. Using a 10 mL syringe, inoculate 9 mL of the 1:30 diluted suspension into each BD BACTEC aerobic and anaerobic sterility-test bottle (commercial blood-culture bottles).

1.20. Load the sterility-test bottles into the BD BACTEC FX40 automated blood culture system (automated sterility-testing system) and perform sterility testing for 14 days.

1.21. The SCE product will be used for clinical treatment only if the sterility test results are negative after 14 days of incubation. If any bottle tests positive for microbial contamination, the entire SCE product will be discarded and will not be used for clinical treatment. 

2. Peripheral blood vessel access and cannulation

NOTE: Perform peripheral blood vessel access and cannulation before apheresis. Perform this as a clean procedure using sterile draping to minimize field contamination; the degree of sterile preparation required for central venous catheter insertion is not required.

2.1. Prepare the tray

2.1.1. Cover a standard Mayo stand with a disposable absorbent underpad.

2.1.2. Cover the underpad with a sterile drape. Maintain the sterility of the upper surface while unfolding the drape.

2.1.3. Open the sterile gloves, folded in sterile paper, in the center of the sterile drape. Keep the upper surface of the glove paper sterile.

2.1.4. Place 5–6 separate spots of sterile ultrasound gel onto the side of the sterile glove paper without contaminating the gel.

NOTE: Maintain the sterility of the ultrasound gel because it contacts the patient’s skin within the sterile field and is used near the IV needle puncture site.

2.1.5. Place two Tegaderm transparent film dressings onto the sterile field while maintaining sterility.

2.1.6. Place two pieces of sterile gauze onto the sterile field.

2.1.7. Place two sterile insulin syringes for administration of local anesthetic onto the sterile field.

2.2. Prepare the arm and ultrasound probe for cannulation

2.2.1. Apply a single-use tourniquet to the patient’s arm.

2.2.2. Don sterile gloves.

2.2.3. Ask an assistant to hold the single-use lidocaine vial upside down. Draw 1 mL of local anesthetic into each sterile disposable insulin syringe.

2.2.4. The concentration of lidocaine is 2%. 

2.2.5. Disinfect the anticipated cannulation sites using chlorhexidine sterile swabs and cover the area with a sterile fenestrated drape, positioning the opening over the cannulation sites. Allow the chlorhexidine to dry.

2.2.6. Ask an assistant to sanitize the ultrasound probe using CaviWipes surface disinfectant and hand the sanitized probe to the operator.

2.2.7. Hold the ultrasound probe in the left hand and dip the probe footprint into one of the sterile ultrasound gel spots. Do not reuse the gel spot.

2.2.8. Apply a transparent film dressing to the probe footprint using the right hand to create a sterile ultrasound contact surface.

2.2.9. Dip the covered ultrasound probe footprint into a new spot of sterile ultrasound gel.

2.3. Cannulate the vein

2.3.1. Ask an assistant to hold the monitor displaying the ultrasound image. Use the ultrasound probe to identify an antecubital vein suitable for cannulation while ensuring that only the sterile ultrasound probe footprint contacts the prepared cannulation site.

2.3.2. Use the predrawn syringe containing local anesthetic to anesthetize the skin at the cannulation site.

2.3.3. Cannulate the vein using a 16 G IV catheter.

2.3.4. Ask the assistant to remove the tourniquet.

2.3.5. Secure the IV cannula while placing sterile gauze beneath the cannula opening.

2.3.6. Clamp the catheter, remove the needle, and immediately connect a flushed needleless connector/extension set.

2.3.7. Unclamp the catheter and flush it with 3–5 mL of normal saline using the push-pause method to confirm successful venous access and maintain catheter patency.

2.3.8. Cover and secure the cannulation site with a transparent film dressing.

2.3.9. Remove the sharps from the sterile field and tray, and dispose of them appropriately. Remove the draping from the patient’s arm.

2.4. Repeat the procedure on the opposite arm

2.4.1. Remove the gloves and perform hand hygiene.

2.4.2. Apply a new single-use tourniquet to the opposite arm.

2.4.3. Don a new pair of sterile gloves.

2.4.4. Reuse the prepared sterile tray only if it has remained uncontaminated. Retain the prepared anesthetic syringe, transparent film dressing, and gauze on the sterile tray.

2.4.5. Ask the assistant to sanitize the ultrasound probe again before returning it to the operator. Prepare a new sterile ultrasound contact surface using a new transparent film dressing as described in steps 2.2.6–2.2.9.

2.4.6. Repeat steps 2.3.1–2.3.9 on the opposite arm.

3. Mononuclear cell (MNC) apheresis

3.1. Set up the Spectra Optia blood cell separator and select the Continuous CMNC apheresis protocol in the system software version 12.1.

3.2. Set up the initial whole blood-to-ACD-A ratio at 12:1 and target the collected volume between 250 and 300 mL.

3.3. Prepare the patient for apheresis. Record the patient’s body weight and height, and review the complete blood count (CBC) laboratory report for the hematocrit value.

3.4. Enter the patient’s weight, height, and hematocrit into the blood cell separator.

3.5. Confirm reliable venous access by flushing the catheter with 3–5 mL of normal saline.

3.6. Connect the catheter to the blood cell separator and initiate the MNC apheresis procedure.

3.7. Prepare the calcium gluconate solution by adding 20 mL of 10% calcium gluconate (2 g) to 250 mL of physiological saline. Connect the infusion line to the Return line of MNC apheresis at the distal portion of the circuit before the fluid re-enters the patient's venous access device and infuse the solution into the patient at 50 mL/h. 

NOTE: Administer calcium gluconate to reduce adverse effects associated with acid citrate dextrose solution A (ACD-A) anticoagulation during collection.

3.8. Manually adjust the colorgram and flow rate during collection to optimize product purity.

3.9. Inspect the color of the collection line and visually compare the color of the blood component flowing through the collection line against the Terumo BCT Spectra Optia Collection Preference Tool Colorgram to target a dark-red color with Collection Preference between 25 and 35.

3.10. Maintain the whole blood-to-ACD-A ratio at 12:1.

NOTE: Adjust the whole blood-to-ACD-A ratio when the patient’s CBC indicates a high hematocrit level or when clotting occurs.

3.11. Adjust the whole blood-to-ACD-A ratio to 10:1 if platelet aggregation, clumping, or fiber/clot formation is observed inside the tubing set or near the collection port. 

3.12. Monitor the patient’s blood pressure and heart rate every 30 min during apheresis.

3.13. Continue apheresis until the target blood volume has been processed.

3.14. Normally process the target blood volume at 2.5 total blood volume (TBV). 

3.15. Seal the collection bag and label the collected MNC product.

3.16. Return the residual blood to the patient.

3.17. Transfer the apheresis product to the GMP laboratory at the outpatient treatment facility.

3.18. After collection, monitor the patient’s vital signs twice at 15 min intervals. Evaluate the venous access site and discharge the patient after confirming clinical stability.

NOTE: Document and manage any adverse events occurring during or after leukapheresis according to the study protocol.

4. Immune education of patient mononuclear cells collected by apheresis

4.1. Purify mononuclear cells from the apheresis product

NOTE: Remove contaminating red blood cells from the apheresis product before immune education by CB-SC.

4.1.1. Layer 30–35 mL of the apheresis product over 15 mL of density gradient medium (γ = 1.077) in a 50 mL conical tube.

4.1.2. Centrifuge at 1,690 × g for 15 min at 20°C in a swinging-bucket rotor without braking.

4.1.3. Carefully transfer the mononuclear cell layer to a new 50 mL conical tube containing 10 mL of 0.9% sodium chloride. Centrifuge at 751 × g for 10 min at 20°C to pellet the cells.

4.1.4. Discard the supernatant.

4.1.5. Wash the cells once with 40 mL of 0.9% sodium chloride. Centrifuge at 751 × g for 5 min and discard the supernatant.

4.1.6. Resuspend the cell pellet in 40 mL of 0.9% sodium chloride.

4.1.7. Determine the cell concentration using a hemocytometer after preparing the 1:100 dilution.

4.1.8. Prepare a 1:100 dilution by adding 100 µL of the cell suspension to 9,900 µL of 0.9% sodium chloride in a new 15 mL conical tube.

4.1.9. Calculate the total cell number and the volume of the mononuclear cell suspension required for addition to the 12-layer immune-education culture device.

4.1.10. Adjust cell concentration to 25–85 × 107 cells /mL. 

4.2. Prepare the immune-education culture device

4.2.1. Wipe the 12-layer immune-education culture device with an alcohol swab and place it in a biosafety cabinet.

4.2.2. Remove all caps from the device sequentially from top to bottom. Avoid wetting the filters.

4.2.3. Gently mix the device two to three times using a circular motion and pour the culture medium into a sterile tray.

4.3. Wash each layer of the immune-education culture device

4.3.1. Add 20 mL of 0.9% sodium chloride to each layer using a 25 mL plastic pipette.

4.3.2. Tilt the device forward to visually confirm that 0.9% sodium chloride has been added to each layer.

4.3.3. Gently mix the device three times using a circular motion and pour the 0.9% sodium chloride into the sterile tray.

4.3.4. Repeat steps 4.3.1–4.3.3 to perform a total of two complete washes.

4.4. Wash the bottom chamber of the immune-education culture device

4.4.1. Clean the bottom port with an alcohol preparation pad.

4.4.2. Remove the cap from the bottom port using an alcohol preparation pad. Position the device over the sterile tray or on a sterile towel.

4.4.3. Allow residual 0.9% sodium chloride to drain into the sterile tray.

4.4.4. Transfer 45 mL of 0.9% sodium chloride into a 50 mL conical tube using a 25 mL plastic pipette.

4.4.5. Attach an 18 G needle or Monoject blunt cannula to a 50 mL syringe.

4.4.6. Draw 20 mL of 0.9% sodium chloride from the 50 mL conical tube into the syringe.

4.4.7. Insert the needle or blunt cannula into the bottom port and dispense the 0.9% sodium chloride into the device.

4.4.8. Gently mix the device three times using a circular motion and pour the 0.9% sodium chloride into the sterile tray.

4.4.9. Repeat steps 4.4.6–4.4.8 to perform a total of two complete washes.

4.4.10. Replace the cap on the bottom port.

4.5. Prepare the cell culture suspension

4.5.1. Obtain a new 500 mL centrifuge bottle.

4.5.2. Add 247.6 mL of 0.9% sodium chloride to the bottle.

4.5.3. Add 66.4 mL of the patient’s plasma.

4.5.4. Before transferring the mononuclear cell layer (see Step 4.1.3), collect 10–15 mL of plasma from each centrifuged 50 mL conical tube and transfer the plasma into the 500 mL centrifuge bottle (see Step 4.5.1), resulting in a total patient plasma volume of 66.4 mL.

4.5.5. Add 10 mL of the patient’s mononuclear cell suspension to the prepared cell culture medium and mix.

4.5.6. Load 27 mL of the cell suspension into each layer of the 12-layer CB-SC-coated immune-education culture device using a 25 mL plastic pipette.

4.5.7. Incubate the device at 37°C under 8% CO₂ for 17 ± 1 h.

4.6. Perform sterility testing

4.6.1. Using a 10 mL syringe, inoculate 9 mL of the cell suspension into each aerobic and anaerobic sterility-test bottle.

4.6.2. Load the sterility-test bottles into the automated blood culture system and initiate sterility testing.

NOTE: Use this sterility test to determine whether the apheresis product was contaminated during collection or processing.

4.6.3. After 17 h of sterility testing (see step 5.5.3), review the real-time sterility results and assess whether microbial contamination is present in the apheresis product.

5. Collect the final product and perform quality control (QC) testing

5.1. Verify the sterility-test result

5.1.1. Check the sterility-test result for the apheresis product before collecting the final product.

5.1.2. Discard the product and do not collect or infuse it if the sterility-test result is positive for bacterial contamination.

5.2. Prepare the immune-education culture device for final-product collection

5.2.1. Wipe the 12-layer immune-education culture device with a 70% alcohol preparation pad and place it in the biosafety cabinet.

5.2.2. Clean the top port with an alcohol preparation pad and remove the white cap.

5.2.3. Attach the Plastisol Horseshoe Y connector from the loading set to the top port.

5.2.4. Close all pinch clamps on the Y connector of the loading set.

5.2.5. Using the spike with chamber, connect a 250 mL bag of 0.9% sodium chloride to the loading set.

5.2.6. Hang the 0.9% sodium chloride bag from the hook inside the biosafety cabinet.

5.2.7. Clean the bottom port with an alcohol preparation pad and remove the cap.

5.2.8. Attach a Plastisol Horseshoe Y connector to the bottom port.

5.2.9. Connect a 1,000 mL collection bag to the bottom Y connector.

5.2.10. Place the 1,000 mL collection bag in a tray outside the biosafety cabinet and leave the corresponding clamp open. Position the collection bag below the level of the biosafety cabinet to permit continuous gravity flow.

5.2.11. Unclamp the 0.9% sodium chloride bag and allow the solution to drain into the immune-education culture device.

5.2.12. Swirl the device using a circular motion to allow the 0.9% sodium chloride to wash downward through the device and drain into the collection bag.

5.3. Collect the final product

5.3.1. Tilt the immune-education culture device to drain the SCE-treated MNC apheresis product into the collection bag.

5.3.2. After the product has completely drained into the collection bag, disconnect the loading set from the bottom Y connector and connect a new 50 mL syringe.

5.3.3. Gently mix the final product 10 times and withdraw 25 mL of the final product for QC testing.

5.4. Allocate final-product samples for QC testing

5.4.1. Transfer 7 mL of the final product into a new 15 mL conical tube for flow cytometry by using a Gallios flow cytometer.

5.4.2. Transfer 0.5 mL of the final product for manual cell counting and cell viability testing by using the trypan blue exclusion test under a microscope. The acceptance criterion is a cell viability of ≥85%.

5.4.3. Transfer 0.5 mL of the final product for endotoxin testing by using the Endosafe nexgen-PTS with a cartridge sensitivity of 0.005–0.5 EU/mL. The acceptance criterion is an endotoxin level of ≤0.5 EU/mL.

5.4.4. Transfer 1 mL of the final product for mycoplasma testing by using the 7500 Fast Real-Time PCR System. The acceptance criterion is a negative mycoplasma test result.

5.4.5. Transfer 8 mL of the final product into each of two sterility-test bottles and perform sterility testing using the BD BACTEC FX40. The acceptance criterion is a negative sterility test result.

5.5. Seal, label, and release the final product

5.5.1. Seal the collection bag using a tube sealer and disconnect the final product from the immune-education culture device.

5.5.2. Prepare and label the final product.

5.5.3. Confirm a cell viability of ≥85%, an endotoxin level of ≤0.5 EU/mL, and a negative overnight sterility-test result for the apheresis product before releasing the final product. These QC tests must be completed and meet acceptance criteria before releasing for infusion. 

5.5.4. Perform flow cytometry and mycoplasma testing on final product. 

5.5.5. Release the final product for infusion after all required pre-release QC criteria have been satisfied.

6. Infusion of SCE-treated MNC apheresis product

6.1. Perform hand hygiene before handling the infusion product.

6.2. Don a new pair of sterile gloves.

6.3. Measure the patient’s temperature and blood pressure before initiating the infusion.

6.4. Connect the patient’s IV catheter to the infusion bag containing the SCE-treated MNC apheresis product.

6.5. Initiate the infusion at 100 mL/h and maintain this rate for 30 min.

6.6. After 30 min, assess the patient for adverse reactions. If no adverse reaction occurs, increase the infusion rate to 150 mL/h and maintain this rate for 1 h.

6.7. If the patient tolerates the infusion at 150 mL/h, increase the infusion rate to a maximum of 200 mL/h and continue until the infusion is complete.

6.8. If the patient develops adverse events such as chills, itching, or hives, administer 25 mg diphenhydramine (Benadryl) intravenously and reduce the infusion rate to 150 mL/h.

NOTE: If the patient develops nausea and vomiting, stop the infusion and administer 25 mg diphenhydramine and 10 mg dexamethasone intravenously. Resume the infusion at a lower rate of 120 mL/h only when clinically appropriate and after the patient’s symptoms have resolved.

6.9. After completing the infusion, rinse the infusion bag with 50 mL of normal saline and infuse the saline into the patient.

6.10. Monitor the patient for adverse reactions for 15 min after completion of the infusion.

6.11. If the patient remains clinically stable, with normal body temperature and blood pressure, the patient may be discharged. 

6.12. Discharge the patient after confirming that the post-infusion discharge criteria have been met.

7. Flow cytometry analysis of immune markers

7.1. Take the cell suspension (step 5.4.1) and collect cells at 751 × g for 5 min.

7.2. Resuspend the cells in 200 µL of 0.9% sodium chloride and transfer cells into a 5 mL conical tube.

7.3. Add 5 µL of Fc blocker per sample and incubate for 15 min at room temperature to block the non-specific binding.

7.4. Aliquot 100 µL of cell suspension for intracellular staining and 100 µL of cell suspension for cell-surface staining. 

7.5. For cell surface staining: aliquot 30 L of cell suspension into three 5 mL conical tubes and add 70 µL of 0.9% sodium chloride to each tube with final volume 100 µL/tube, and then add 5 µL/tube fluorescence-conjugated mouse anti-human monoclonal antibodies including human regulatory T cell cocktail (FITC Mouse anti-Human CD4, PE-Cy7 Mouse anti-Human CD25, and Alexa Fluor 647 Mouse anti-Human CD127); pacific blue (PB)-conjugated mouse anti-human CD3, Spark Violet 538 anti-human CD4, APC/Fire 750 anti-human CD8, PE/Cyanine7-conjugated anti-human CD45RO, PE-conjugated anti-human CCR7, and isotype-matched IgG controls to 100 L volume of cells. Incubate for 30 min at room temperature with light protection.

7.6. For intracellular staining: cells are fixed and permeabilized according to the PerFix-nc kit.

7.7. Add 5 µL/tube fluorescence-conjugated mouse anti-human monoclonal antibodies including BV421-conjugated mouse anti-human IL-1, PE-conjugated mouse anti-human CXCL16, and isotype-matched IgG controls mAbs. Incubate for 30 min at room temperature with light protection.

7.8. After staining, wash cells with 4 mL of 0.9% sodium chloride and centrifuge at 751 × g for 5 min to pellet cells.

7.9. Resuspend the cells with 200 μL of 0.9% sodium chloride.

7.10. Collect and analyze cells using a Gallios Flow Cytometer, acquiring 100,000 events for surface staining and 500,000 events for intracellular staining. Gating strategies for flow cytometry analysis of different T-cell populations include CD3+CD4+ T cells, CD3+CD8+ T cells, CD4+CD25+CD127low/− Tregs, CD4+CD45RO+CCR7+ central memory T (TCM) cells, CD4+CD45RO+CCR7− effector memory T (TEM) cells, and CD4+CD45RO−CCR7+ naïve T cells. Use isotype-matched IgG controls to establish positive thresholds.

7.11. Analyze the final data using the Kaluza Flow Cytometry Analysis Software.

8. Statistical analysis

8.1. Assess data normality using the Shapiro–Wilk test. Use a paired t-test for normally distributed paired data and the Wilcoxon matched-pairs signed-rank test for nonparametric paired data. Define statistical significance as P < 0.05. The data are presented as mean  standard deviation (SD). 

8.2. In the current clinical study, the primary efficacy endpoint was the change in the immune markers between baseline and follow-up month 1. Results from this long COVID study were analyzed using a significance level of 5% for paired comparisons between baseline and follow-up month 1 measurements. Multiple-comparison correction was not applicable to this study. 

8.3. Calculate 95% confidence intervals using GraphPad Prism (version 10.6.1). 

RESULTS:
Twenty-five patients with long COVID (15 males and 10 females; age, 51.68 ± 14.14 years) received SCE therapy (Figure 1). Five subjects (5/25) experienced mild tingling and numbness during apheresis, which were attributed to reduced calcium levels associated with citrate anticoagulation. These symptoms resolved promptly following administration of oral calcium tablets or intravenous calcium gluconate. No significant adverse events were reported during the Gleukocell infusion. One subject (HU2291; 1/25, 4.0%) experienced mild itching during the infusion.

Flow cytometry demonstrated that the percentage of Tregs increased from 5.76% ± 1.21% at baseline to 7.53% ± 3.17% at the 1-month follow-up (Figure 2, P = 0.003). In the current clinical study, 17/25 subjects with long COVID displayed elevated percentages of IL-1β-positive cells, with a baseline value of 8.43% ± 10.12%. After treatment with SCE therapy, the percentage of IL-1β-positive cells decreased to 3.01% ± 6.07% (Figure 3, P = 0.0017).

[Place Figure 2 here.]

[Place Figure 3 here.]

CXCL16 is expressed by a variety of immune cells, including monocytes/macrophages, dendritic cells, and B cells. Recent studies suggest that CXCL16 contributes to the pathogenesis of autoimmune diseases such as Crohn’s disease, multiple sclerosis, rheumatoid arthritis, and lupus35–37, as well as long COVID38. Flow cytometry showed that PBMC from patients with long COVID displayed a high percentage of CXCL16-positive cells at baseline (63.98% ± 19.11%), which decreased to 44.1% ± 24.52% one month after SCE therapy (Figure 4, P = 0.03).

[Place Figure 4 here.]

The percentage of CD4+CD45RO+CCR7− TEM cells decreased in subjects with long COVID one month after treatment with SCE therapy (Figure 5A, P = 0.0003). Conversely, the percentage of naïve CD4+CD45RO−CCR7+ T cells increased one month after SCE therapy (Figure 5B, P = 0.0026). These findings demonstrate changes in CD4+ effector memory and naïve T-cell populations following SCE therapy. The baseline and 1-month values, 95% confidence intervals, and corresponding P values for these immune-marker comparisons are summarized in Table 1.

[Place Figure 5 here.]

[Place Table 1 here.]

Twenty-one of 25 patients reported resolution of the common long COVID symptoms of brain fog and fatigue following treatment with SCE therapy. Most participants also reported feeling refreshed, energized, and mentally clear after therapy. Notably, subject HU2171, a medical resident who cared for patients with COVID-19 in the intensive care unit during the pandemic, had contracted COVID-19 in 2021. Over the subsequent four years, he underwent various treatments, including JAK inhibitors and seven infusions of autologous MSCs derived from abdominal adipose tissue, without reported improvement. His condition progressively worsened, eventually rendering him bedridden for two years. He developed severe sensitivity to light and sound and kept his room darkened with black tape sealing the window gaps. After receiving SCE therapy, he demonstrated clinical improvement over a 3-month period. His light and sound sensitivities resolved, without recurrence of headaches. Flow cytometry also showed immunological changes: the percentage of IL-1β-positive cells decreased from 8.84% at baseline to 1.7% at 3 months after treatment, and the percentage of CXCL16-positive cells decreased from 78.42% at baseline to 48.16%. These clinical observations were accompanied by reductions in the measured inflammatory immune-cell markers following SCE therapy.

FIGURE AND TABLE LEGENDS:
Figure 1. Workflow of SCE therapy and quality control testing.
Cord blood mononuclear cells are isolated, washed, and cultured in the SCE device. After the culture reaches ≥80% confluence, the patient mononuclear cell (MNC) apheresis product is added to the SCE device for immune education. Following overnight incubation, the SCE-treated MNC apheresis product is collected and subjected to quality control (QC) testing before final-product labeling, release, and intravenous infusion. RBCs, red blood cells; MNC, mononuclear cell; SCE, Stem Cell Educator; QC, quality control.

Figure 2. Increase in regulatory T cells in patients with long COVID one month after SCE therapy.
All subjects received one treatment with SCE therapy. Peripheral blood mononuclear cells (PBMC) were analyzed at baseline and one month after treatment. Data normality was assessed using the Shapiro–Wilk test. Because the data were nonparametrically distributed, the Wilcoxon matched-pairs signed-rank test was used for statistical analysis in GraphPad Prism version 10.6.1. Statistical significance was defined as P < 0.05. The percentage of regulatory T cells (Tregs) increased significantly one month after SCE therapy (P = 0.003). Error bars represent SD. PBMC, peripheral blood mononuclear cells; SCE, Stem Cell Educator; Tregs, regulatory T cells.

Figure 3. Reduction in IL-1β-positive cells in peripheral blood mononuclear cells of patients with long COVID after SCE therapy.
All subjects received one treatment with SCE therapy. Peripheral blood mononuclear cells (PBMC) were isolated at baseline and one month after treatment and analyzed by intracellular flow cytometry using the PerFix-nc cellular staining kit and a Gallios flow cytometer equipped with 488 nm, 638 nm, and 405 nm lasers. Data were analyzed using Kaluza Flow Cytometry Analysis Software version 2.1. Isotype-matched immunoglobulin G (IgG) controls were used as controls. The Wilcoxon matched-pairs signed-rank test was used for statistical analysis in GraphPad Prism version 10.6.1. Statistical significance was defined as P < 0.05. The percentage of IL-1β-positive cells decreased significantly one month after SCE therapy (P = 0.0017). Error bars represent SD. IL-1β, interleukin-1 beta; PBMC, peripheral blood mononuclear cells; SCE, Stem Cell Educator.

Figure 4. Reduction in CXCL16-positive cells in peripheral blood mononuclear cells of patients with long COVID one month after SCE therapy.
All subjects received one treatment with SCE therapy. Peripheral blood mononuclear cells (PBMC) were isolated at baseline and one month after treatment and analyzed by flow cytometry using the PerFix-nc cellular staining kit and a Gallios flow cytometer. Isotype-matched immunoglobulin G (IgG) controls were used as controls. Data normality was assessed using the Shapiro–Wilk test, and a paired t-test was used for statistical analysis in GraphPad Prism version 10.6.1. Statistical significance was defined as P < 0.05. The percentage of CXCL16-positive cells decreased significantly one month after SCE therapy (P = 0.03). Error bars represent SD. CXCL16, C-X-C motif chemokine ligand 16; PBMC, peripheral blood mononuclear cells; SCE, Stem Cell Educator.

Figure 5. Changes in CD4+ effector memory and naïve T-cell populations in patients with long COVID after SCE therapy.
All subjects (N = 25) received one treatment with SCE therapy. Peripheral blood mononuclear cells (PBMC) were isolated at baseline and one month after treatment and analyzed by flow cytometry using a Gallios flow cytometer. Data were analyzed using Kaluza Flow Cytometry Analysis Software version 2.1. CD3+ T cells were gated from total PBMC for analysis of T-cell subsets. Isotype-matched immunoglobulin G (IgG) controls were used as controls. (A) Percentage of CD4+CD45RO+CCR7− effector memory T (TEM) cells at baseline and one month after SCE therapy. TEM cells decreased significantly one month after treatment (P = 0.0003). (B) Percentage of CD4+CD45RO−CCR7+ naïve T cells at baseline and one month after SCE therapy. Naïve T cells increased significantly one month after treatment (P = 0.0026). A paired t-test was used for statistical analysis in GraphPad Prism version 10.6.1. Statistical significance was defined as P < 0.05. Error bars represent SD. PBMC, peripheral blood mononuclear cells; SCE, Stem Cell Educator; TEM, effector memory T cells.

Table 1. Comparison of immune markers in peripheral blood mononuclear cells (PBMCs) at baseline and 1 month after treatment.
Data are presented as mean ± SD. The 95% confidence intervals correspond to the baseline-to-1-month comparisons. Statistical analyses were performed as described in the Statistical Analysis section.

DISCUSSION:
Given the millions of individuals affected by long COVID and the current lack of disease-modifying therapies, with care largely consisting of symptomatic and supportive approaches, we explored the therapeutic potential of SCE therapy in patients with long COVID using the previously described open-loop system25 and clinical protocols previously applied to T1D and AA. In this pilot study, 25 subjects with long COVID received SCE therapy, with a safety profile consistent with previously published clinical studies25,28. Clinical symptoms, including brain fog and fatigue, improved in most subjects with long COVID. Critical steps of the protocol include the isolation and culture of CB-SC, collection of the patient's mononuclear cells by apheresis, removal of contaminating red blood cells, co-culture of patient mononuclear cells with CB-SC in the SCE device for 17 ± 1 h, collection and QC testing of the final product, and reinfusion of the SCE-treated MNC apheresis product. Maintaining the specified culture conditions, cell-processing procedures, sterility testing, and final-product release criteria is important for consistent implementation of the method. Before treatment, patients with long COVID exhibited increased non-conventional monocytes (CD14lowCD16high)10. SARS-CoV-2 spike protein (S-protein) can prime inflammasome formation and the release of mature IL-1β in macrophages derived from patients with COVID-1939. IL-1β, produced by monocytes/macrophages, is a major regulator of inflammation that orchestrates various innate immune responses40. The current study demonstrated that most subjects with long COVID displayed increased percentages of IL-1β-positive cells, which significantly decreased by one month after SCE therapy, consistent with downregulation of the activated monocyte/macrophage system. Inflammatory microglia, the resident macrophages of the central nervous system, may also be involved in neurological manifestations; however, microglial changes were not directly measured in the current study. Therefore, the observed clinical improvements in brain fog, fatigue, and cognitive impairment cannot be directly attributed to changes in microglial activity. The detailed mechanisms underlying cognitive impairment remain unclear and may involve multiple pathological processes, including increased reactive oxygen species (ROS), iron accumulation41, and pyroptosis of neural stem cells42. Additionally, the percentages of CXCL16-positive cells were significantly reduced in subjects with long COVID one month after SCE therapy. CXCL16 is predominantly expressed by monocytes/macrophages, B cells, and dendritic cells and plays an important role in immune cell trafficking. The observed reduction in CXCL16-positive cells may therefore be associated with changes in immune-cell trafficking; however, migration across the blood–brain barrier was not directly evaluated in this study. These findings suggest that the percentages of IL-1β-positive and CXCL16-positive cells in PBMC may represent potential candidate biomarkers that warrant further investigation. Future prospective studies with larger cohorts and predefined clinical response criteria should evaluate whether baseline IL-1β and/or CXCL16 levels are associated with, or can predict, treatment response. 

Adaptive immune responses are crucial for protection against viral reinfection through the establishment of immune memory. Clinical studies have demonstrated that robust mucosal SARS-CoV-2-specific T-cell responses can contribute to protection against COVID-19 and the establishment of polyfunctional resident memory T cells within the lungs43. Adamo et al. reported long-lived effector memory CD8+ T cells in the blood of patients with COVID-19 from the acute infection phase through 1 year after recovery44. The current clinical data demonstrated significant decreases in the percentages of CD4+ TEM cells, accompanied by significant increases in the percentages of CD4+ naïve T cells and CD4+CD25+CD127low/− Tregs. Although similar trends were observed for CD8+ TEM cells and CD8+ naïve T cells, these changes did not reach statistical significance, potentially because of the small sample size in the current clinical study. We acknowledge that the relatively small sample size and lack of a prospective power calculation are limitations of the current clinical study. Additional  limitation of the present study is that these observations were obtained from a small, open-label, single-site cohort without a concurrent control group. The reported clinical outcomes were primarily symptom-based, and the possibility of placebo effects contributing to some of the observed symptomatic improvements cannot be completely excluded. However, most patients in the current study had previously failed to achieve satisfactory improvement with multiple conventional therapies. Notably, subject HU2171 had undergone several treatments, including JAK inhibitor therapy and autologous mesenchymal stem cell (MSC) therapy, without adequate clinical benefit. Therefore, while a placebo effect cannot be ruled out, the magnitude of the observed clinical improvements and restoration of immune markers to the normal levels may be less likely to be explained solely by placebo effects. 

The present study does not establish whether the observed changes are specific to SCE therapy. Larger, well-controlled clinical studies are therefore warranted to validate these findings and further characterize the immunomodulatory effects of SCE therapy in patients with long COVID. Future studies should incorporate an appropriate control group to more rigorously assess treatment safety and clinical efficacy. Longer-term follow-up will also be important for determining the durability of the observed clinical and immunological changes. Future studies should incorporate randomized controlled trial designs with appropriate control groups, including sham apheresis and/or placebo controls, where feasible, to rigorously evaluate the efficacy of SCE therapy. Such controlled studies will help distinguish treatment-specific effects from potential nonspecific effects associated with the apheresis procedure, cell infusion, or placebo responses. We will consider these approaches in future clinical trials to more definitively establish the efficacy, safety, and clinical benefits of SCE therapy in patients with long COVID. 

Subjects with long COVID exhibit multiple forms of immune dysfunction and clinical features resembling autoimmune disorders, involving several immune-cell compartments, including monocytes/macrophages, T cells, B cells, NKT cells, and Tregs. Targeting these diverse immune-cell populations simultaneously with conventional immunotherapies and pharmacological strategies is challenging in clinical management. Mesenchymal stem cells also have limitations in addressing multiple immune-cell dysfunctions45,46. SCE therapy may provide a broader approach to immune modulation, as suggested by previous clinical studies25,30,47. During the procedure, immune cells are collected from the patient's peripheral blood by leukapheresis and co-cultured with CB-SC for 17 ± 1 h within the SCE device. The CB-SC-educated immune cells are subsequently collected and reinfused into the patient's circulation. Previous studies have described multiple molecular mechanisms associated with CB-SC-mediated immune modulation, including AIRE transcription factor-mediated induction of immune tolerance in T cells, galectin-9-mediated modulation of B-cell function, and exosome-mediated regulation of monocytes/macrophages. Thus, SCE therapy may provide a multifaceted strategy for addressing the broad immune dysfunction associated with long COVID. Future mechanistic studies need to distinguish exosome-mediated from cell-mediated effects underlying SCE therapy in patients with long COVID. From a methodological perspective, the ex vivo approach allows patient immune cells to interact with CB-SC before the treated cells are returned to the patient, rather than administering CB-SC directly. Potential applications of this method therefore include further investigation of immune modulation in long COVID and other conditions characterized by broad immune dysfunction. Interestingly, patients with long COVID share clinical and biological features with other post-viral syndromes, including myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS). Although the present study focused exclusively on long COVID and does not provide evidence for the efficacy of SCE therapy in ME/CFS or other post-viral conditions, the immunomodulatory effects observed in this study, particularly the reduction of inflammatory monocyte/macrophage-associated CXCL16 and IL-1β responses, provide a rationale for further investigation of SCE therapy in patients with ME/CFS and potentially other post-viral syndromes in the future.

In the present study, we cannot definitively determine which subset of patients with long COVID is most likely to benefit from Stem Cell Educator therapy because of the limited sample size, lack of a randomized control group, and relatively short follow-up period. However, our findings suggest that patients with persistent long COVID symptoms accompanied by measurable immune dysregulation, particularly increased activated T-cell populations and elevated inflammatory markers such as IL-1β and CXCL16, may represent a population of interest for future studies. The observed reductions in CD4⁺ and CD8⁺ effector-memory T cells and inflammatory markers after therapy, together with increases in naïve T-cell populations, provide a rationale for investigating whether patients with a more pronounced inflammatory or immune-dysregulated phenotype are more likely to respond. Additionally, SCE therapy is more procedurally complex than conventional pharmacological therapies because it requires leukapheresis, ex vivo interaction of the patient’s mononuclear cells with cord-blood-derived stem cells in the SCE device, and subsequent reinfusion. Thus, widespread implementation would require enough supplies of cord blood units, appropriately equipped clinical centers, trained personnel, standardized operating procedures, and coordination of cell-processing GMP facilities and infusion activities.

The current proof-of-concept pilot study provides preliminary safety, clinical, and immunological observations following SCE therapy in patients with long COVID. Similar to our ongoing clinical studies in patients with recent-onset T1D, most patients experienced sustained clinical benefits and changes in immune markers after a single treatment without repeated treatment during the reported observation period. The potential durability of this response, as well as the optimal dosing regimen and retreatment intervals, warrants further investigation. SCE therapy differs methodologically from several conventional immunotherapies and other cell- or plasma-based approaches, including IVIG infusion, TPE, lymphoplasmapheresis48, MSC therapy, and EV-based therapies, because the patient's mononuclear cells undergo ex vivo immune education with CB-SC before reinfusion. However, direct comparative efficacy was not evaluated in the present study. Modifications and troubleshooting of the method should focus on maintaining reproducible cell preparation, culture conditions, apheresis procedures, sterility and QC testing, and infusion procedures described in the Protocol; deviations from these parameters may affect consistency of the final product. Taken together with our previous clinical studies of multiple autoimmune conditions, the present findings support further evaluation of SCE therapy as an ex vivo CB-SC-mediated immune-modulation approach for patients with long COVID. Its clinical efficacy, durability, and comparative advantages over alternative approaches require confirmation in larger controlled studies.
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