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Background: Immunocompromised patients are susceptible to high-risk

opportunistic infections and malignant diseases. Most antiviral and antifungal

drugs are quite toxic, relatively ineffective, and induce resistance in the long

term. The transfer of pathogen-specific Cytotoxic T-Lymphocytes has shown a

minimal toxicity profile and effectiveness in treating Cytomegalovirus, Adenovirus,

Epstein - Barr virus, BK Virus and Aspergillus infections, but this therapy have the

main limitations of regulatory issues, high cost, and absence of public cell banks.

However, CD45RA− cells containing pathogen-specific memory T-cells involve a

less complex manufacturing and regulatory process and are cheaper, feasible, safe,

and potentially effective.

Methods: We present preliminary data from six immunocompromised patients: four

who had severe infectious diseases and two who had EBV lymphoproliferative

disease. All of them underwent multiple safe familial CD45RA− T-cell infusions as

adoptive passive cell therapy, containing Cytomegalovirus, Epstein - Barr virus, BK

virus, and Aspergillus-specific memory T-cells. We also present the method for

selecting the best donors for CD45RA− cells in each case and the procedure to

isolate and store these cells.

Results: The infusions were safe, there was no case of graft-versus host disease,

and they showed a clear clinical benefit. The patients treated for BK virus nephritis,

Cytomegalovirus encephalitis, Cytomegalovirus reactivation, and disseminated

invasive aspergillosis experienced pathogen clearance, complete resolution of

symptoms in 4-6 weeks and a lymphocyte increase in 3 of 4 cases after 3–4 months.

Donor T cell transient microchimerism was detected in one patient. The two patients

treated for EBV lymphoproliferative disease underwent chemotherapy and several

infusions of CD45RA− memory T-cells containing EBV cytotoxic lymphocytes.

Donor T-cell microchimerism was observed in both patients. The viremia cleared

in one of the patients, and in the other, despite the viremia not clearing, hepatic
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lymphoproliferative disease remained stable and was ultimately cured with EBV-

specific Cytotoxic T-Lymphocytes.

Conclusion: The use of familial CD45RA− T-cells containing specific Cytotoxic

T-lymphocytes is a feasible, safe and potential effective approach for treating severe

pathogen infections in immunocompromised patients through a third party donor.

Furthermore, this approach might be of universal use with fewer institutional and

regulatory barriers.

KEYWORDS

CD45RA− T cells, adoptive cell therapy (ACT), BK virus (BKV), Epstein-Barr virus (EBV),
Cytomegalovirus (HCMV), Aspergillus, mDLI

1. Introduction

Advances in supportive care continue to improve the outcomes of
immunocompromised patients. However, despite the improvements
in achieving early diagnosis, the use of prophylactic therapies
and the establishment of early treatment, infectious diseases
remain a significant cause of morbidity and mortality in patients
with immuno-deficiencies. These immunocompromised patients
are also susceptible to Epstein-Barr virus (EBV) infections or
reactivations, responsible in many cases for the post-transplantation
lymphoproliferative disease (PTLD) (1). These patients are more
susceptible to infection due to lack of pathogen-specific T-cell
immunity, which is essential for resolving several infectious diseases,
especially those caused by viruses (2, 3).

Drug therapies involve costly agents, are associated with side
effects and do not act on the main cause of the severity, latency and
recurrence of the infection, which is the absence or evasion of specific
cellular immunity (4). Cell therapies present a new paradigm in
treating both infectious and tumor diseases. Between approved T-cell
therapies we find Donor Lymphocyte Infusions (DLI) of Cytotoxic
T-Lymphocytes (CTLs) to reestablish the immune system after a
transplant or to treat Severe Combined Immunodeficiencies (5–9).
The infusion of specific CTLs has also been shown effective and safe
in treating refractory infections in immunocompromised patients,
especially those infections caused by Human Cytomegalovirus
(HCMV), Adenovirus (AdV), EBV and BK Virus (BKV) (4, 10,
11). For patients whose donor lacks virus-specific cellular immune
memory, the use of third party CTLs has been shown to have a
safe clinical effect and has been associated with long-term viral
control (10, 12). For these patients, a higher Human Leukocyte
Antigens (HLA)-match has been associated with better systemic
survival of the transferred cells (13). However, the generation of
CTLs is a costly process in both time and resources, requiring highly
skilled manufacturing technologists and the regulation issues can be
struggling (10, 14, 15).

A simpler and cheaper alternative to the use of CTLs is the
mDLI (memory donor lymphocyte infusion) of CD45RA− T cells.
The CD45RA+ fraction is supposed to cause lethal graft-versus-
host disease (GvHD), but the mDLI of CD45RA+ depleted cells
has proven to be safe and effective, given that these cells are less
alloreactive. That is because of their lower proportion of naïve-
T cells and greater proportion of memory T-cells (5, 7, 15–18).
CD45RA− cells from a familiar donor or a third-party donor, which

contains pathogen-specific memory T-cells, can be isolated from the
peripheral blood of a convalescent donor and infused directly into the
patient (6–8, 17, 19, 20).

Here we present a treatment focused on clearing virus and
specific fungus by mDLIs of CD45RA− cells containing pathogen-
specific memory T-cells from a healthy donor. The objective is
providing and improving the cellular immunity of the patient until
he recovers its own one. This procedure might be effective in any
T-cell mediated infection, above all when immunocompromised
patients present sustained lymphopenia. However, we have tested
it only with viruses HCMV, EBV, BKV, and AdV, and the fungus
Aspergillus, which usually act as opportunistic or latent pathogens
that cause problems in immunocompromised patients, and that are
becoming increasingly resistant to anti-viral or anti-fungal drugs.
With emergent viruses such as SARS-CoV-2, this procedure is being
tested in a clinical trial with promising results (20), so we decided to
extend this procedure to other infectious diseases. We also present
the methodology to detect, isolate and infuse those CD45RA− cells
containing pathogen-specific memory T-cells in a novel cell therapy,
with major potential for use in all hospitals in the near future.

2. Materials and methods

2.1. Patients characteristics and diseases

We conducted in the University Hospital La Paz a study
with immunosuppressed patients (five children and one adult)
who suffered with refractory and severe infectious disease or
lymphoproliferative disease associated with EBV that did not respond
to classical management. Table 1 lists the patients’ characteristics.
In all cases this therapy was applied when antivirals or antifungals
ineffective and/or organ toxicity. A general scheme of the whole
procedure is represented in Figure 1.

2.2. Donor selection, cell processing, and
detection of specific memory T-cells

The donors were family members in all cases, and the selection
was based on HLA genotype compatibility with the patients after
hematopoietic stem cell transplantation (HSCT) (it should be at least
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TABLE 1 Patient characteristics and pathogen-associated disease.

Patient Sex Age
(years)

Primary
disease

Immuno-
suppression
therapy

Lympho-
cytes at
time of

infection

Infectious
disease

Viral copies
or GMN at
diagnosis

(copies/µl)

Standard
therapy and
duration

Viral
copies or
GMN after
standard
therapy

(copies/µl)

1 F 37 Kidney
transplantation

Prednisone
Everolimus
Tacrolimus

670/µl BKV nephritis 5.6× 105 IS minimization,
leflunomide and
IGs (4 months)

7.5× 103

2 M 19 Chronic
granulomatous
disease and MUD
HSCT

Methylprednisolone
(0.5 mg/kg/d)
Cyclosporin

50/µl HCMV
encephalitis

3.69× 107 in
LCR,

4.97× 103 in
serum

Foscarnet (7 days),
ganciclovir and
specific HCMV
IGs (parenteral
and intrathecal)
(2 months)

2.3× 103

3 M 7 Multivisceral
transplantation

Methylprednisolone
(2 mg/kg/d)
Sirolimus

1.310/µl HCMV systemic
infection

1.14× 103 Ganciclovir
(2 months),
Foscarnet (1
month) and weekly
IGs (2.5 months)

< 1,000

4 F 15 CTLA4
haploinsufficiency
and MUD HSCT

Methylprednisolone
0.4 mg/kg/day
Abatacept

870/µl Lung
disseminated
invasive
aspergillosis

2.99 Micafungin.
Surgical resection
(x2).
Voriconazole and
amphotericin B
(2 years).

0.52

5 F 12 Multivisceral
transplantation

Methylprednisolone
0.3 mg/kg/day
Tacrolimus
Everolimus

230/µl Liver EBV PTLD 1.2× 105 IS minimization,
Rituximab and
chemotherapy
(2,5 years)

1.07× 105

6 F 9 Primary
Immunodefficiency

None 340/µl EBV DLBCL 4.09× 105 Rituximab and
chemotherapy
(8 months)

0

BKV, BK virus; HCMV, cytomegalovirus; DLBCL, diffuse large B-cell lymphoma; EBV, Epstein Barr virus; HSCT, hematopoietic stem cell transplantation; MUD, match unrelated donor; PTLD,
post-transplant lymphoproliferative disease; GMN, galactomannan; IG, immunoglobulin; IS, immunosuppression.

FIGURE 1

Scheme describing the general procedure followed in our center to treat immunocomprimised patients with infectious diseases.
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partial match) and the presence of specific memory T-cells against
the pathogen related to the patients’ disease. These data is included
in Table 2. After providing their informed consent, HLA typing of
the eligible donors was performed at the Community of Madrid
Transfusion Center (Madrid, Spain) on two independent samples by
sequence-specific oligonucleotide and next-generation sequencing.

The assay to check the presence of specific memory T-cells against
a particular pathogen was performed as previously described by
our group with certain modifications (19). Briefly, peripheral blood
mononuclear cells (PBMCs) samples were collected from potential
healthy donors and isolated using density gradient centrifugation
(Ficoll-Paque; GE Healthcare, Chicago, IL, USA). Cells were
resting overnight (O/N) in TexMACS medium (Miltenyi Biotec,
Germany) supplemented with 10% AB serum (Sigma-Aldrich, Saint
Louis, MO, USA) and 1% penicillin/streptomycin (Sigma-Aldrich).
Approximately 1 million cells were then stimulated with specific
peptides at a final concentration of 0.6 nmol/ml. Peptides are small
fragments measuring 8–12 amino acids in length that cover specific
epitopes of the virus. In this case the peptides used were PepTivator R©

CMV pp65 (UniProt ID: P06725, Miltenyi Biotec) for HCMV; EBV-
PT consensus premium grade human (Miltenyi Biotec) for EBV;
BKV small T (ST) antigen (UniProt ID: P15000), BKV LT antigen
(UniProtKB Acc. no. P14999), BKV VP1 capsid protein (UniProt
ID: P14996) and BKV VP2 protein (UniProt ID: P14997) for BKV
(Miltenyi Biotec); and PepTivator R© AdV Select for AdV, a peptide
pool of different proteins coming from virus serotypes 2 and 5
(Miltenyi Biotec). For Aspergillus fumigatus we used the MACS GMP
Aspergillus fumigatus Lysate 4 mg, (Miltenyi Biotec), with a final
concentration of 1 µg/ml.

To detect specific memory T- cells against BKV, AdV, or
Aspergillus, cells were rested O/N at 37◦C in supplemented medium
After 5 h stimulation with pooled peptivators or the Aspergillus
lysate, depending on each case, interferon-gamma (IFN-γ) was
caught and labeled (Human IFN-γ Secretion Assay-Detection Kit,
Miltenyi Biotec). Basal IFN-γ production by PBMCs was included
as a background control in the absence of stimulation. To consider
a sample positive it had to have 0.1% of IFN-γ+ cells (0.01% for EBV)
out of the total cells with a minimum of 150,000 events analyzed. In
addition, the sample had to contain at least twice the number of IFN-
γ+ cells than in the negative control, as well as positive control based
on plate-bound cells stimulated with mouse anti-human CD3 and co-
stimulated with purified CD28/CD49d. After incubation, cells where
stained using the following fluorochrome-conjugated anti-human
surface antibodies: CD45RA FITC, CD27 APC, CD3 VioGreen, CD4
PECy7, CD8 APC Cy7, L/D 7AAD, and IFN-γ PE. Cell acquisition
was then performed using a Navios cytometer (Beckman Coulter),
acquiring a mean of 150,000 cells. To detect specific memory T-
cells against CMV and EBV, same process was performed, but

incubation was for 6 h and adding Brefeldin A (Sigma-Aldrich),
and IFN-γ production capacity was analyzed by intracellular flow
cytometry staining. The antibodies used were the following: surface
antibodies 7-AAD PC5.5, CD45 KO, CD8 APC-AF700, and CD4
APC-AF750 (Beckman Coulter Inc.), and intracellular marker IFN-
γ- PacificBlue (Beckman Coulter). The cell adquisition was made by
DxFlex cytometer (Beckman Coulter). The analysis was performed
using FlowJo 10.7.1 software (FlowJo LLC) in all cases.

2.3. Donor inclusion and CD45RA T-cell
depletion

After confirmation of HLA compatibility and a positive memory
T-cells response against the pathogen of interest, the donors’ clinical
history was reviewed and a physical examination was done. Non-
mobilized apheresis was then performed at the Bone Marrow
Transplantation and Cell Therapy Unit of University Hospital La
Paz (Madrid, Spain) using a CliniMACS Plus cell separation system
(Miltenyi Biotec).

2.4. CD45RA− T cells infusion

Obtained allogenic CD45RA− T cells were frozen as previously
described (20) and infused into the patients weekly and then monthly
depending on the cases and the patients’ state. Table 3 includes
number of cell infusions and cells dose administrated in each case.

In cases of leukemia, established doses of 1 × 106 escalating
to 1 × 107 cells/kg are infused. After transplantation, the doses
established for CTLs infusions are very variable, from 1 × 103 to
1 × 109 cells/kg (21). However, beyond the transplantation setting,
there are no established doses for these procedures, but there are a
number of examples that have proven to be safe (20). In this study,
when the patients were at risk of GvHD, the minimum dose infused
was 1× 105 cells/kg of weight; however, the normal dose was usually
1× 106 cells/kg. In all cases, subsequent doses were decided based on
the clinical evaluation, polymerase chain reaction (PCR) levels and
immunologic follow-up.

2.5. Lymphocyte reconstitution, viral load
and microchimerism

Lymphocytes levels were measured by a routine hemogram,
and viral load was defined by PCR. Microchimerism analysis
was performed in the Community of Madrid Transfusion Center

TABLE 2 Donor characteristics.

Patient Familiar donor, specificity IFN-γ+ T cells (%) HLA-matching

1 Brother (Match) 0.4 A*24 B*44 B*45 C*02 C*16 DRB1*01 DRB1*10 DQB1*05

2 Brother (Mismatch related donor) 1.61 A*03, DRB1*07 DQB1*02

3 Mother (Haploidentical) 0.62 A*68 B*51 C*15 DRB1*08 DQB1*04

4 Father (Haploidentical) 0.28 A*11 C*07 B*49 DRB1*13 DQB1*06

5 Father (Haploidentical) 0.17 DRB1*07 DRB1*13 DRB1*02 DRB1*06

6 Mother (Haploidentical) 0.3 A*24 C*04 B*35 DRB1*11 DQB1*03 DPB1*04
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TABLE 3 Infusion characteristics, response and outcomes after therapy with familial CD45RA− T cells containing pathogen-specific memory T cells (BAL, Broncho-alveolar lavage; GMN, galactomannan).

Patient Number
of

infusions

Dose of
infusions

(CD45RA− T
cells/kg)

Lymphocyte
count before

infusion
(×103/µl)

Best
lymphocyte
count after

infusion
(×103/µl)

Viral copies
or GMN
before

infusion
(copies/µl)

Best
response

after
infusion

(copies/µl)

Best T cell
donor

chimerism (%)

Concomitant
therapy
during
infusions

Duration of
concomitant
therapy
during
infusion

Outcome

1 14 10× 107/kg 0.53 1.12 7.5× 103 <1,000 0.5-0.25 IS withdrawn.
IGs

2 months Alive with
stabilization of
renal function

2 12 5.01× 106/kg 0.38 1.44 2.3× 103 0 Not performed Ganciclovir/
Valganciclovir then
replaced by
Letermovir.
Specific HCMV IGs
(parenteral and
intrathecal).

Ganciclovir/
Valganciclovir
(6 months).
Letermovir.
Specific HCMV IGs
(6 months).

Alive with
encephalitis
sequelae

3 6 5.4× 105/kg 0.9 1.46 <1,000 0 Not detected Letermovir and
weekly IGs

4 months Died of septic
shock (not
associated with
therapy)

4 11 1.2× 105/kg
5× 105/kg
1× 106/kg

0.89 1.03 0.52 Serum and BAL
negative GMN

Not detected Posaconazole 1 year Alive and
Lansky score
100%

5 10 1.53× 107/kg 0.02 0.54 1.07× 105 <3,500 1 Chemotherapy.
IS withdrawn.
IGs

1 month Alive in CR after
EBV CTLs

6 6 1× 107/kg 0.04 0.18 0 0 1, <1 Rituximab.
Third line
chemotherapy.
IGs every 2 weeks

1 month Alive in CR after
MUD HSCT
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(Madrid, Spain) as previously described (20). For each donor-
recipient pair, DNA was isolated using the QIAamp Blood Kit
(Qiagen, Germany). The microchimerism analysis was monitored
weekly for 3-4 consecutive weeks, and performed based on detecting
insertion/deletion polymorphism (INDELs) by qPCR technology
(sensitivity 0.01–0.05%). To this end, commercial reagents for
screening of informative alleles (Mentype DIPscreen, Biotype,
Dresden, Germany) and quantitative chimerism analysis (Mentype
DIPquant qPCR, Biotype) were employed. The percentage of
donor alleles was calculated based on the DDCt qPCR method
using Chimerism Monitor 2.1 software (Biotype), with b-globin as
the reference gene.

3. Results

3.1. Detection of pathogen-specific
CD45RA− memory T-cells

Potential donors for adoptive cell therapy were tested to check
their response against different pathogens, namely HCMV, AdV, EBV,
BKV, and Aspergillus. The presence of CD45RA− memory T cells
responsive to all pathogens was detected in all donors (Figure 2).
The donors therefore underwent apheresis and subsequent infusions
to patients were performed. However, the infection was resolving in
patient with AdV; thus, cells were stored for future use. This detection
process is effective and could be an accepted and extended diagnostic
procedure in the near future.

3.2. Adoptive cell therapy with CD45RA−

cells containing pathogen-specific
memory T-cells to treat infectious
diseases

Four of the six patients included in this study had severe
refractory infections that where not responding to classical therapies.
An adoptive cell therapy with CD45RA− T cells containing
pathogen-specific memory T cells therefore appeared as the best
treatment option. The four cases are described below. Table 3
presents a summary of the response and treatment outcomes with
familial CD45RA− T cells.

3.2.1. BKV nephritis (patient 1)
The first patient was a 37-year-old woman who underwent a

kidney transplantation due to chronic kidney failure secondary to
focal and segmental glomerulonephritis. The patient was prescribed
rejection prophylaxis (prednisone, tacrolimus and everolimus), and
as a result she developed lymphopenia, with lymphocytes counts of
670/µl. Approximately 9 months after transplantation, and despite
changing the medication, the patient showed a progressive worsening
of the renal function and a rise of both creatinine levels and plasmatic
BKV copies. The patient was therefore diagnosed with BKV nephritis.

Given the situation, and after an ineffective immunosuppression-
therapy reduction, Leflunomide plus intravenous immunoglobulins
(IGs) were suggested. For 4 months the patient was not improving,
so cell therapy in combination with standard therapy was suggested.
One of the patients’ brother had identical HLA and 0.4% of CD3+

cells that were IFN-γ+ (Table 2 and Figure 2). Thus, weekly infusions
of 1 × 107 cells/kg of CD45RA− T donors’ cells started. A week
after first infusion, T-cell donor chimerism was 0.5% and after the
second infusion it was 0.25%. Then it was undetectable. A month
later, the patient showed stable kidney function and viral replication
dropped to the minimum. After 2 months, lymphocyte counts
increased (Figure 3); therefore IGs were suspended and infusions
were performed every 2 weeks for 4 months and then monthly until
the present. The patient is currently undergoing monthly infusions,
and there are no signs of worsening renal function while the viral
replication continued under control, with rising lymphocytes levels.
The infusion of CD45RA− T-cells showed no side effects, and there
was no GvHD. The total duration of the treatment remains uncertain.

3.2.2. HCMV encephalitis (patient 2)
Patient 2, a 19-year-old man with chronic granulomatous disease

who underwent HSCT from a haploidentical match unrelated donor,
was receiving DLIs every 2 weeks to promote immune reconstitution
in combination with GvHD prophylaxis (methylprednisolone and
cyclosporine). Two months after HSCT patient suffer a HCMV
reactivation, treated with valganciclovir, and 2 months later, the
patient developed an encephalitis caused by HCMV with high viral
copies in blood and cerebrospinal fluid (CSF). At this point the
immune reconstitution was incomplete and his total lymphocyte
count was 50/µl.

To treat HCMV encephalitis correctly, and since valganciclovir
was not effective, patient’s sensitivity to antivirals was tested and he
was sensitive to foscarnet, ganciclovir and cidofovir. Then, patient
received foscarnet and ganciclovir first, suspended because of their
high toxicity, followed by IGs weekly. After 2 weeks ganciclovir was
reintroduced, without side-effects this time, but without any improve
of the patient’s state. After 2 months with a progressive worsening
and with elevated viral copies in blood and CSF, adoptive cell therapy
with CD45RA− T-cells was indicated. The patient’s brother shared
three HLA alleles and a total of 1.61% of CD3+ cells that were IFN-γ+

against HCMV (Table 2 and Figure 2). Infusions of 5 × 106 cells/kg
of CD45RA− cells were combined with ganciclovir and IGs. Only
2 weeks after infusion the patient showed progressive neurological
improvement of his symptoms and a decrease of HCMV viral copies
in CSF. Blood viral copies were undetectable 1 month after the
infusion and CSF viral copies were undetectable 2 months later. The
number of lymphocytes progressively increased and stood at 1,000/µl
seven months later (Figure 3). Microchimerism was not performed in
this case.

To date, the patient has been clinically stable without new
neurologic symptoms or reactivation, but dealing with important
sequelae due to HCMV ventricle-encephalitis. He maintains
treatment with letermovir and monthly infusions of CD45RA− T
cells to accelerate immune reconstitution. The CD45RA− T-cells
infusions were safe and effective in this patient, showing no side
effects or GvHD and with a decrease of viral load and an increase
in lymphocyte number.

3.2.3. HCMV reactivation (patient 3)
The next patient was a 7-year-old boy with Trichohepatoenteric

Syndrome, who underwent multivisceral transplantation with spleen
preservation at 6 years of age. The patient developed GvHD
with skin and eye involvement 10 months post-transplantation
due to the intestinal graft resident lymphocytes. He therefore
started on methylprednisolone as immunosuppression therapy, and
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FIGURE 2

Representation of interferon-gamma (IFN-γ) expression by flow cytometry in 8 potential donors within the CD45RA− subpopulation after co-culturing
peripheral blood mononuclear cells with the mixture of 4 BKV peptides (ST, LT, VP1, VP2), Aspergillus fumigatus Lysate at a final concentration of 1 µg/ml
for Aspergillus; PepTivator R© AdV Select for Adenovirus; PepTivator R© CMV pp65 for HCMV; and EBV-PT consensus premium grade human for EBV. In all
cases, the cell response was sufficient for use in cell therapy. Donor apheresis was therefore performed, and CD45RA− T cells were isolated and infused.

FIGURE 3

Graphical representation of (A) viral load (copies/ml), (B) galactomannan (GMP) (copies/µl) and (C) lymphocyte (×103 cells/µl) progression while the
infusions were performed. As expected, the viral load and GMP decrease with adoptive cell therapy with CD45RA− T-cell infusions containing
pathogen-specific memory T cells, while lymphocyte count increase.

rejection and HCMV prophylaxis (sirolimus and valganciclovir
respectively). However, virus reactivation was detected and he
started on treatment with ganciclovir and intravenous IGs, reduced
immunosuppression dosage and, as the patient’s GvHD was also
worsening, he initiated treatment with ruxolitinib, resulting in a
decreasing lymphocyte count.

After one month, and despite changing medication several times
(foscarnet for one month and then ganciclovir for another month),
new rise in the viral copies was detected. Patient’s mother was

HLA-haploidentical and has 0.62% of CD3+ cells that were IFN-γ+

(Table 2 and Figure 2). Thus, the patient started weekly infusions
of donor’s CD45RA− T cells at a dose of 5 × 105 cells/kg. After
two infusions, the viral copies were undetectable and remained so
throughout the treatment (Figure 3), although microchimerism was
not detected.

A total of 6 infusions were administered, with no side effects and
controlling HCMV infection. However, lymphocyte count did not
improve and GvHD was worsening despite an immunosuppression
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increase. The infusions were therefore suspended in case they were
contributing to the worsening of GvHD, even if this was not suspected
since we were not able to detect even microchimerism from the
mother (all the chimerism detected was from the intestinal graft
donor). Nevertheless, his clinical condition continued progressively
worsening until he finally died of septic shock.

3.2.4. Lung disseminated invasive aspergillosis
(patient 4)

The last patient was a 15-year-old girl with severe combined
immunodeficiency, specifically a cytotoxic T-lymphocyte antigen
4 (CTLA-4) haplo-insufficiency. She underwent HSCT from an
identical match unrelated donor and, despite being under fungal
prophylaxis with micafungin, a high level of galactomannan (GMN)
was detected 8 months after the HSCT. She initiated treatment with
voriconazole and 4 months later, it was changed by amphotericin B
because of an azole resistance. Infection was in that way controlled.

However, as an HSCT complication, the patient developed
steroid-refractory bronchiolitis obliterans syndrome 7 months later,
which required immunosuppression therapy with abatacept. As
a result, GMN levels rose again. In a PET-CT scan invasive
aspergillosis with some lung aspergillomas were detected. The
treatment, consisting in surgery and azoles, controlled the infection.
Same events happened one year later, however, this time GMN
levels remained high, despite the new aspergilloma-removing surgery
and the treatment with voriconazole and with amphotericin B.
A schematic representation of the evolution of the patient is
represented in Supplementary Figure 1. At this point, the HSCT
donor was studied and was found immunologically competent
against Aspergillus (Donor 1, Figure 2), but was not available for
apheresis. Therefore, patient’s father, who was HLA-haploidentical
and has 0.28% of CD3+ cells that were IFN-γ+ was chosen as a
donor (Donor 2, Figure 2). Patient get monthly infusions of 1 × 105

cells/kg CD45RA− T-cells combined with posaconazole. Two months
later there was a significant reduction in GMN levels but with a few
rebounds (Figure 3), so the dose was increased to 5× 105/kg and the
infusions performed every 2 weeks.

Although in this case, we saw no significant changes in
lymphocyte counts (Figure 3) and no microchimerism was found,
GMN levels remained negative 4 months after the therapy, so the
infusions were changed to monthly with a higher dose of 1× 106/kg.
The patient maintains this therapy and is currently clinically stable
with no new rebounds in GMN levels more than one year and a half
after cell therapy start. No side effects were found associated with
the cell infusions, there were no signs of GvHD and we observed an
improvement in the lymphocyte recovery.

3.3. Adoptive cell therapy with CD45RA− T
cells containing EBV-specific memory T
cells against EBV associated
lymphoproliferative syndromes

Two of the six patients involved in our study experienced PTLD
associated to EBV and were not responding to standard treatments.
The patients therefore required cellular therapy to control the viral
reactivation. The two cases are described below. Table 3 provides
a summary of the response and treatment outcomes with familial
CD45RA− T-cells.

3.3.1. PTLD after a multivisceral transplantation
(patient 5)

This patient is a 12-year-old girl with intestinal failure secondary
to postsurgical superior mesenteric vein thrombosis, who underwent
multivisceral transplantation. She developed acute skin GvHD three
months after the transplantation and was treated with high doses of
corticosteroids, ruxolitinib and photopheresis for a month. After that,
the patient get rejection prophylaxis; consequently, she developed
severe lymphopenia, with a total lymphocyte count of 230/µl.
At that moment, a blood reactivation of EBV was detected, so
immunosuppression was minimized and rituximab was initiated.
After a while, the patient developed a monomorphic PTLD, a
diffuse large B-cell lymphoma (DLBCL). A PET-CT showed supra-
diaphragmatic (cervical, axillary, and pleural effusion) and infra-
diaphragmatic (liver injury and doubtful renal) involvement (stage
III according to Murphy’s classification).

Immunosuppression therapy was minimized, rituximab was
maintained and the patient started chemotherapy following Inter-B-
NHL ritux 2010 protocol in the high-risk group B. She received one
COP cycle and two R-COPADM. There was an initial good response
of the DLBCL to chemotherapy, but viral copies of EBV remained
elevated in serum despite rituximab, and the patients’ lymphocytes
count was still very low.

In this context, patient’s father was studied as potential donor.
He presented a 0.17% of CD3+ IFN-γ+ cells and he was HLA-
haploidentical, so the patient initiated infusions of 1.53× 107 cells/kg
of CD45RA− T-cells twice a week. A 1% of T-cell microchimerism
was detected after the first two infusions and it get undetectable after
that. EBV copies initially decreased, but did not go negative, and the
patient still has lymphopenia (Figure 3). No side effects or GvHD
were observed after infusions.

After 3 months, the patient had a lymphoma in progression in
spite of first-line chemotherapy, and an EBV reactivation without
significant response to rituximab and familial CD45RA− T-cells.
For this reason, chemotherapy and CD45RA− T- cells infusions
were suspended, and infusions of specific CTLs against EBV twice
a week started. After two infusions of 5.7 × 107 cells/ml of specific
CTLs, the number of viral copies decreased significantly, lymphocyte
counts improved considerably and the patient showed good clinical
response. After 6 infusions, EBV copies in blood were undetectable,
the patient presented normal lymphocyte counts and a partial
response of PTLD was finally achieved. The treatment with specific
CTLs was then interrupted. To date, 14 months after the end of
treatment, the patient is still clinically stable without signs of disease
progression. No side effects related to the use of CD45RA− T-cells or
CTLs were observed.

3.3.2. Diffuse large B-cell lymphoma and EBV
infection in a patient with primary
immunodeficiency (patient 6)

The last patient was a 9-year-old girl with a diagnosis of
unaffiliated primary congenital immunodeficiency. She had a history
of primary EBV infection when she was 5 years old, and since then
she maintained persistently positive viral copies in serum.

At 8 years of age, the patient was diagnosed with a DLBCL
(stage III according to Murphy’s classification). She started standard
therapy with rituximab and first line chemotherapy (prednisone
and cyclophosphamide). Three months later she started second line
therapy following Inter-B-NHL protocol as high-risk group C1,
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receiving 2 COPADM cycles and one CYVE. Finally, 2 months later
she received a third line of treatment with a first R-ICE cycle as
rescue therapy. After rescue therapy, EBV copies became negative,
but infusions of CD45RA− T-cells were performed in order to
prevent future reactivations. Her mother was HLA-haploidentical
and presented 0.3% of CD3+ IFN-γ+ T-cells (Table 2 and Figure 2).
First, weekly infusions of 1× 107 CD45RA− cells/kg were performed,
without any side effects or GvHD. No microchimerism was detected.
A second R-ICE was administered during the infusions, and no
significant changes in the total lymphocyte count was observed,
probably due to concomitant treatment with chemotherapy. The
patient received a total of 6 infusions with no EBV reactivations,
which allow HSCT. More than one year after the HSCT, the patient is
still at complete remission, with no new EBV reactivation.

4. Discussion

Here we present a treatment focused on the ability to clear various
viruses (HCMV, AdV, BKV, EBV), and the fungi Aspergillus by mDLI
of CD45RA− cells containing pathogen-specific memory T-cells of
a familial donor. We conducted a study with six patients, children
and adults who were immunosuppressed and who experienced
either an infection or reactivation of different viruses or EBV-
associated lymphoproliferative disease. Given that these patients did
not respond to classical treatments, this therapy provides a new, safe
and effective curative procedure. These mDLIs were used as well in a
preventive way to avoid reactivations, as in patient 6. We present as
well the methodology to detect, isolate and infuse CD45RA− T cells
in this novel cell therapy.

Cell reconstitution therapies are routinely performed to recover
the immune system after HSCT (5–7, 22), a process that is essential
for patient survival. Cells from the HSCT donor are usually employed
to perform this recovery, but if the donor does not have memory
cells against a specific pathogen, the patient is at risk of infection or
reactivation of a latent virus. Thereby, cell therapy with CD45RA−

T cells appears to be the best option for avoiding and controlling
infections after HSCT. What is more, in immunocompromised
patients who have the same disease and progress with lymphopenia
or lack of memory cells against a specific virus, CD45RA− T cells
are a life drug alternative to conventional treatments. In many cases,
there are more effective or are the only option when there is a lack
of appropriate drugs. Indeed, more and more resistances to anti-viral
or anti-fungal drugs urge to develop new solutions and treatments
for not only extreme but also common infections in healthy donors
without comorbidities or previous pathologies (23, 24).

Adoptive cell therapy with CD45RA− T cells is as well
an alternative to CTLs, usually used to treat infections in
immunocompromised patients. Some examples employed to treat the
infections described in this article are the clinical trial by Muftuoglu
et al., for treating multifocal leukoencephalopathy caused by the John
Cunningham Virus (genetically similar to BKV) (10); or the use of
CTLs proposed by Bao et al., to treat HCMV infections in stem cell
transplantation patients (25). However, CTLs need to be isolated,
characterized and expanded in vitro, a costly and lengthy process that
our therapy is not subject to. The therapy that we propose is not
considered an advanced cell therapy and therefore does not require
substantial cell modification, making the process easier and cheaper,
without losing effectiveness.

One essential factor to consider in our therapy is the presence
of a repertoire of memory lymphocytes with proven antiviral activity
in the donor’s CD45RA− subpopulation. To confirm that activity
we used the IFN-γ production in presence of small peptides or
a lysate that simulate the contact with a real pathogen. Previous
studies by our laboratory reported the presence of SARS-CoV-2-
specific T-cell subpopulations within CD45RA− memory T cells in
the blood of convalescent donors that infused might clear virally
infected cells and confer T-cell immunity for subsequent reinfections,
representing an off-the-shelf living drug (19, 20). In this study, we are
applying the same technology to treat other infectious diseases, with
visible results.

The other essential factor to take in account when selecting
the best donor is the HLA compatibility, which must be at least
partial to permit TCR/HLA pathogen recognition. CD45RA− T cells
are mainly CD4+ cells, with a less proportion of CD8+ cells. In
the case of HCMV infections, it is known that deficiencies in the
response of class I HLA-restricted CD8+ cytotoxic T lymphocytes are
important in the pathogenesis of the disease in immunocompromised
recipients of allogeneic transplants (26). However, in the two HCMV
patients that were infused in this study, a clearance of the virus
was achieved. Therefore, we can obtain a good response despite
the less proportion of CD8+ cells in our product. Moving on, EBV
presentation is mediated by HLA-class II alleles before the latent
phase of the infection; CD4+ T cells recognize particles presented by
MHC-class II in the surface of infected B lymphocytes and eliminate
them. In later stages of the infection, HLA class I alleles are the ones
that induce a strong specific cytotoxic CD8 + T cell response (27).
Therefore, CD45RA− T cells might be more effective in early stages
of the infection or when there is not an active infection. On the
contrary, CTLs infusions would be more effective when the infection
is spread, as we observed in our study patients. Indeed, patient 5
needed CTLs infusions to contain the infection, while in patient
6, who was receiving the infusions in a prophylactic manner, the
CD45RA− T-cells were effective avoiding viral load increase. It is
true that CTLs are more effective, but they are also more alloreactive,
what increases the risk of having GvHD or tissue inflammation. On
the other side, BKV immunity is associated with a multifunctional
population of CD4 + T cells with both T-helper and T-cytotoxic
properties (28). That might be the reason why CD45RA− T cells
infusion in patient 1 was completely effective. Finally, immunology of
Aspergillus is complex and not completely defined, but T regulatory
cells (which were contained in CD45RA− T-cells infused to the
patient 4) might have a crucial role in the responses against this
pathogen (29, 30).

In this study we performed weekly and monthly mDLI of
CD45RA− T cells to patients who had HCMV, BKV, EBV, and
Aspergillus infections that progressed with lymphopenia and who did
not respond to standard therapies. We observed improvement in the
general symptoms for a number of the patients, as well as increased
lymphocyte counts and reduced viral and GMP loads, sometimes
to zero. When performed, microchimerism between donors and
patients cells was observed after the first and second infusion, and
then it was undetectable, coinciding with the reduction of viral loads
and the increase of lymphocyte counts. Therefore, when autologous
lymphocytes get recovered, donor’s lymphocytes are reduced to
minimum and are not detected. None of the patients experienced
adverse effects due to infusions or GvHD reactions, and the infusions
did not interfere with the treatments the patients were undergoing
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for other diseases. Thereby, this therapy can be combined with other
procedures like HSCT, CTLs infusions, and different antiviral and
antifungal drugs.

However, this study has some limitations. A larger patient cohort
would be useful for studying specific reactions and characteristics
of the infections. Obtaining more information and follow up of the
patients would be of use; for example, more data on microchimerism,
or donor’s CD45RA− T cells function and interactions in the
patient is essential for future research. Also a study of how immune
lymphocyte reconstitution develops and a phenotyping of the
different immune system cells subsets would be very interesting for
future approaches Finally, as we propose, the possibility of generating
a biobank of living drugs accessible to all patients will be useful for
providing this treatment to those who might need it.

In conclusion, after this study we can affirm that the
use of familial multiple CD45RA− T cells containing specific
memory T-cells of a third-party donor is a feasible, safe and
potential effective approach for treating severe pathogenic diseases
in immunocompromised patients non-responders to antiviral
treatments or with side effects due to their toxicity. This therapy
provides and improves the cellular immunity of the patient until
he recovers its own one and protects from opportunistic infections.
Furthermore, this approach might be of universal use with fewer
institutional and regulatory barriers, since Good Manufacturing
Practices are not required.
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