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Low levels and function of natural killer (NK) cells are associated
with increased coronavirus disease 2019 (COVID-19) severity.
NK cell immunotherapy may improve immune function to
reduce infection severity. We conducted a first-in-human,
open-label, phase 1, dose-escalating (100 � 106, 300 � 106, or
900 � 106 cells) study of a single dose of DVX201, a cord-
blood-derived allogeneic NK cell therapy, in hospitalized pa-
tients with COVID-19. Participants were followed for 28 days.
The maximum allowed steroid dose for eligibility was up to
0.5 mg/kg prednisone (or equivalent) daily. We enrolled nine
participants, 3 per dose level. Eight participants hadR1 comor-
bidity associated with increased COVID-19 severity, three of
whom had a hematologic malignancy. Infusions were well
tolerated, with no treatment-related adverse events. There was
no evidence of inflammatory complications related to infusions.
Peripheral blood NK cells generally increased after infusion,
peaking by day 7. The median time from infusion to discharge
was 2 days (range: 1–13). Two patients (both with acute lympho-
blastic leukemia) were readmitted with recurrent COVID-19.
This trial demonstrates the safety of allogeneic NK cell immuno-
therapy as a potential antiviral. Larger controlled trials are
needed to establish efficacy.

INTRODUCTION
Coronavirus disease 2019 (COVID-19), caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2), can result in a spec-
trum of clinical manifestations, ranging from asymptomatic infection
to severe disease, multisystem organ failure, and post-acute sequelae
of SARS-CoV-2 infection.1–3 Therapeutic strategies for COVID-19
include the direct inhibition of SARS-CoV-2 replication,4–6 establish-
ment of immunity through active and passive immunization,7,8

and anti-inflammatory treatments.9–13 Despite these advances,
COVID-19 still results in substantial morbidity in certain patient
populations, underscoring the ongoing need for additional therapeu-
tic options, particularly among immunocompromised individuals.14

Adoptive cellular immunotherapy for the treatment of COVID-19 is a
promising approach as a complementary treatment for patients with
(or at high-risk for) severe or protracted disease. Immunocompro-
mised patients are at higher risk for morbidity, mortality, and
protracted infections and often exhibit impaired vaccine responses,
Molecular Therapy: Methods & Clin
Published by Elsevie

This is an open access article under the CC BY-NC
highlighting the need for additional therapeutic strategies.15,16 A
few trials to date have reported the use of cellular immunotherapies
for COVID-19. Allogeneic SARS-CoV-2-specific T cell infusions
were analyzed in six immunocompromised patients with persistent
infection and shown to be safe and potentially beneficial in decreasing
viral loads.17 In a randomized trial of 45 patients receiving placebo or
multiple doses of cord-blood-derived, allogeneic, non-human leuko-
cyte antigen (HLA)-matched regulatory T cells for acute respiratory
distress syndrome (ARDS) due to COVID-19, the authors found
the treatment to be safe.18 A randomized trial of mesenchymal stro-
mal cells in 222 mechanically ventilated patients with COVID-19
found the infusions to be safe but was stopped early due to lack of ev-
idence of improvement in survival or ventilator-free days.19 Lastly, a
phase 1/2 trial of an allogeneic, ex-vivo-expanded, donor-unrestricted
invariant natural killer T (iNKT) cell product in 21 patients with
ARDS due to COVID-19 found the product to be safe and potentially
associated with improved 30-day survival.20

There has been similar emerging interest in the use of NK cells for the
treatment of infectious diseases and certain cancers. NK cells are in-
tegral to the innate immune system and the first responders against
transformed cells, including virally infected andmalignant cells. Their
function is mediated though both direct cytolytic mechanisms and
indirect cytokine/chemokine-mediated effects on adaptive immune
responses.21,22 Multiple NK cell receptors are involved in the recogni-
tion of infected cells by binding common stress ligands or pathogen-
associated molecules.23 Upon ligand recognition, NK cells kill their
target cells by releasing cytotoxic molecules such as perforin and
granzymes and via death-receptor-mediated apoptosis, as previously
documented in the context of cytomegalovirus (CMV) infections.24

Further, NK cells secrete cytokines, including tumor necrosis factor
alpha (TNF-a) and interferon gamma (IFN-g), and chemokines,
such as MIP-1a/CCL3, MIP-1b/CCL4, and interleukin (IL)-8, to re-
cruit additional immune effector cells and enhance adaptive immune
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Table 1. Participant demographics and clinical characteristics

Participant ID Age, years Sex Race Comorbidities
mRNA SARS-CoV-2
vaccination history

Days of symptoms
before infusion

Supplemental oxygen
at infusion (L) Infusion dose

DVX201-001 63 M White
coronary artery disease,
hypertension, obesity,
type 2 diabetes

1 dose 10 0 100 � 106

DVX201-002 25 M White
acute lymphoblastic
leukemia (ALL), obesity

none 4 0 100 � 106

DVX201-003 72 M Asian hypertension, type 2 diabetes 1 dose 6 0 100 � 106

DVX201-004 42 M Latino obesity 2 doses 12 6 300 � 106

DVX201-006 42 M Asian none none 12 3 300 � 106

DVX201-007 36 M Latino
hypertension, metastatic
cholangiocarcinoma, obesity

none 6 5 300 � 106

DVX201-008 45 M Latino ALL, hypertension, obesity none 64 2 900 � 106

DVX201-009a 77 F White
bronchiectasis, chronic
lymphocytic leukemia (CLL)

3 doses 87 0 900 � 106

DVX201-010 77 M White
hypertension, hyperlipidemia,
type 2 diabetes

2 doses 6 0 900 � 106

M, male; F, female.
aNegative SARS-CoV-2 PCR from nasopharyngeal swab but positive in bronchoalveolar lavage sample.
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responses that ultimately orchestrate the complex coordination of
adaptive and innate immune responses.25,26

In patients with COVID-19, low levels and poor function of lympho-
cytes and NK cells are correlated with risk for disease progression.1,27,28

NK cell exhaustion is primarily caused by the cytokine storm associated
with severe COVID-19, where elevated levels of IL-6, IL-10, and trans-
forming growth factor b (TGF-b) suppress NK cell function and their
ability to produce IFN-g and granzyme B. The upregulation of inhib-
itory receptors further hinders their capacity to eliminate infected cells.
Varying levels of these cytokines may both influence the severity of
COVID-19 and serve as markers of NK cell function.29 In-depth char-
acterization of NK cells from the peripheral blood of patients with
COVID-19 has demonstrated the upregulation of NK exhaustion,
migration, and apoptosis markers.30 These observations have provided
the rationale for using adoptive NK cell immunotherapy as a means to
boost functional innate immunity in patients with COVID-19.31

Though NK cell therapies leveraging our improved knowledge of can-
cer immunology have proven safe and effective in a variety of onco-
logic applications, limited data currently exist on their use as treat-
ment for infections.32,33 To the authors’ knowledge, there are no
currently published results of NK cell therapy for COVID-19. Here,
we report the results of an investigator-initiated phase 1 trial
(ClinicalTrials.gov: NCT04900454) of an off-the-shelf, allogeneic, un-
modified NK cell product (DVX201) for the treatment of patients
hospitalized with COVID-19.

RESULTS
Patient characteristics

We enrolled nine participants with a median age of 45 years (inter-
quartile range [IQR]: 39–74.5) (Table 1). Three participants (33%)
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
had a hematologicmalignancy, and 8 (89%) had at least one comorbid-
ity associated with increased COVID-19 severity. Three participants
were fully vaccinated, one received casirivimab/imdevimab (Regen-
eron) prior to infusion, and none received prior tixagevimab/cilgavi-
mab (Evusheld) for prophylaxis. The median time from symptom
onset to DVX201 infusion was 10 days (IQR: 6–38). Two of the partic-
ipants with hematologic malignancies (DVX201-008 and DVX201-
009) had protracted infection prior to enrollment with ongoing respi-
ratory symptoms for 64 and 87 days prior to DVX201 infusion;
DVX201-009 had negative SARS-CoV-2 testing from the upper respi-
ratory tract but detection in the lower respiratory tract. On the day of
infusion, four (44%) participants were receiving supplemental oxygen
ranging from 2 to 6 L by nasal cannula. Eight participants were
receiving treatment with remdesivir at the time of enrollment, six of
whom were also receiving dexamethasone (Table 2; Figure S1).

Safety

No dose limiting toxicities (DLTs) were reported at any dose level.
Thus, dose escalation continued up to 900 � 106 cells. DVX201 infu-
sions were well tolerated, with no infusion-related events, graft-versus-
host disease (GvHD), or cytokine release syndrome (CRS). Adverse
events (AEs) are summarized in Tables S1 and S2. There were no
AEs assessed as related to DVX201 infusion. There were three severe
AEs (SAEs) in two participants with active hematologic malignancies;
one participant had sepsis with bacteremia and recurrent COVID-19,
and another participant had recurrent COVID-19 in the context of
weaning off corticosteroids. No deaths occurred during the study
period.

Clinical outcomes

A Swimmer plot depicting each participant’s clinical course is pro-
vided in Figure 1. Corticosteroid use is plotted in Figure S1. Eight
er 2024
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participants were discharged without supplemental oxygen at a me-
dian of 2 days (IQR: 1–7) after DVX201 infusion. Among the four
participants requiring supplemental oxygen during hospitalization
but prior to study infusion, oxygen was discontinued in three at a me-
dian of 2.5 days (IQR: 2–4.5) after infusion (Figure S2). All four pa-
tients with chest radiographic imaging before and after DVX201 infu-
sion demonstrated improvement in pulmonary infiltrates (Table 2).

Of the three patients with a hematologic malignancy, DVX201-008
clinically improved but remained on 2 L of supplemental oxygen by
nasal cannula at discharge and was readmitted 15 days later for wors-
ening respiratory symptoms attributed to COVID-19. DVX201-002
was discharged with clinical improvement but then readmitted
16 days after infusion for bacteremia and hypoxemic respiratory fail-
ure with concern for persistent COVID-19 and a positive nasopha-
ryngeal (NP) swab for SARS-CoV-2; notably, this individual started
chemotherapy for acute lymphoblastic leukemia (ALL) 5 days after
DVX201 infusion. The third participant, DVX201-009, had a pro-
tracted course of COVID-19 for 2 months prior to infusion with
several prior hospitalizations and had clinical and radiological
improvement with complete resolution of symptoms 8 days after
DVX201 infusion. However, the patient also received concurrent
treatment with remdesivir and dexamethasone.

Kinetics of SARS-CoV-2 detection

SARS-CoV-2 viral loads over time are shown in Figure 2, with con-
current therapies and oxygen support overlaid in Figure S3.
DVX201-009 had SARS-CoV-2 detection in the lower respiratory
tract only at baseline, and two participants had a negative test on
the day of infusion; one of these individuals, DVX201-006, had sub-
sequent low-level positive results through the date of last test on day
28. Of the six other participants with upper respiratory tract SARS-
CoV-2 detection on the day of infusion, four (67%) cleared the virus
within 28 days, with first negative tests at a median of 7 days (IQR:
2–25.5) after infusion. DVX201-002 had persistent detection of
SARS-CoV-2 through day 28 in the context of induction chemo-
therapy for ALL. DVX201-004 refused nasal swabs after day 14 and
had an indeterminate test at that time.

Kinetics of peripheral blood CD3–/CD16+CD56+ NK cells

Changes in CD3�/CD16+/CD56+ NK cells pre- and post-infusion
are shown in Figure 3, with participant-level plots in Figure S4.
This demonstrated a general but non-statistically significant increase
in NK cells over time, despite most of the participants receiving cor-
ticosteroids during the study (Table 2).

Kinetics of inflammatory markers

Changes in cytokines and inflammatory markers are illustrated in
Figures 4 and S5. C-reactive protein (CRP) generally decreased within
7 days of receiving DVX201, although levels appeared to already be
down trending in most participants. IL-6 levels were relatively stable,
with some participants having an increase at day 1 but an overall
decline by day 7. Ferritin remained relatively stable over time. Two
participants, DVX201-002 and DVX201-008, were re-hospitalized
herapy: Methods & Clinical Development Vol. 32 December 2024 3
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Figure 1. Clinical course of each participant

Swimmer plot depicting the clinical course of each participant. Participant DVX201-002 received lymphodepleting chemotherapy 5 days after DVX201 infusion. Participant

DVX201-009 had persistent SARS-CoV-2 detection in the lower respiratory tract but not in nasopharyngeal swabs (data not shown on the plot).
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with worsening symptoms of COVID-19 and had increases in CRP,
IL-6, and/or ferritin at that time.

Overall, there were relatively limited changes for most measurable cy-
tokines over time. Notably, there was no spike in pro-inflammatory
cytokines within the first 72 h after infusion to indicate that CRS
triggered or worsened by DVX201, although a number of these bio-
markers had subtle increases over the first 7 days followed by de-
creases through day 28 (Figures 4 and S5). For example, IL-7, a
pro-inflammatory cytokine thought to promote T cell and NK cell
survival by increasing anti-apoptotic Bcl-2, generally increased in
the first week after infusion followed by a subsequent return to base-
line. DVX201-007 had the fastest decline in viral load among partic-
ipants, and their profile was notable for a general early rise in cytolytic
cytokines followed by a delayed rise in Th1/M1 cytokines and addi-
tional inflammatory processes. They had a spike on day 1 in IL-15
(promotes NK cell and CD8 T cell expansion/function), IFN-
g-induced protein 10 kDa (IP-10), IL-6, and granzyme B, followed
by rapid decreases. Around day 14, they had a second cluster of spikes
(highest fold change out of all participants) for IFN-g, IL-2, IL-17,
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
TNF-a, and MIP-1a. Given the limited number of participants, these
data are hypothesis generating.

DISCUSSION
In this phase 1 trial, we assessed adoptive immunotherapy with alloge-
neic NK cells (DVX201) in nine patients hospitalized with COVID-19
and showed that this therapy was safe andwell tolerated. No treatment-
related AEs were observed, including no cases of CRS. Although the
study was not designed to assess efficacy, our findings underscore the
potential utility of NK cell therapy as an additional therapeutic strategy,
particularly in immunocompromised patients.

Remdesivir or nirmatrelvir-ritonavir plus dexamethasone remain the
standard of care for hospitalized patients with COVID-19 who
require supplemental oxygen,34,35 although the efficacy of these treat-
ments is modest.36 Adoptive immunotherapy holds potential as a
complementary therapy to small-molecule antivirals in patients
with severe COVID-19 or at high risk for progressive disease. Multi-
ple recent trials employing various allogeneic cellular therapies, pri-
marily T cell derived, also demonstrated the safety of these products
er 2024



Figure 2. Kinetics of SARS-CoV-2 detection

Spaghetti plot of SARS-CoV-2 viral load per participant via nasopharyngeal swab. CT value indicates the cycle threshold; lower CT value indicates higher viral load. DVX201-

010 was missing a CT value from his pre-infusion time point. DVX201-009 had SARS-CoV-2 detected in the bronchoalveolar lavage only at the time of admission. Sub-

sequent data points were from nasopharyngeal swabs. DVX201-010 had a negative PCR test for SARS-CoV-2 on the day of infusion after enrollment. This was likely a false

negative, and this participant tested positive on days �5 and �3 prior to infusion, as well as at multiple time points after infusion.

www.moleculartherapy.org
in patients with COVID-19, some with promising signs of benefit,
although the trials were all phase 1/2 and not powered for efficacy.17,20

Together, these data are laying the foundation for larger trials of
cellular therapies for viral infections, particularly in immunocompro-
mised patients at increased risk for severe infections.

In our study,we observed good initial clinical responses based on gener-
ally rapid improvements in oxygenation, improvement in pulmonary
radiographic changes, and discharge from the hospital within a few
days. However, all participants were concurrently treated with remde-
sivir, with or without dexamethasone and other therapies, and we did
not have a control group in this pilot trial. A prior study reported a me-
Molecular T
dian time of 11 days to negative SARS-CoV-2 test from treatment initi-
ation in immunosuppressed patients receiving combination antiviral
and monoclonal antibody SARS-CoV-2 therapies.37 Our study found
a median time to negative SARS-CoV-2 test of 7 days post-DVX201
infusion, but not all participantswere immunosuppressed.We included
two patients undergoing active therapy for ALL who demonstrated
initial clinical improvement after infusion. However, both were subse-
quently readmitted 2–3 weeks later with recurrent COVID-19. These
observations indicate that multiple doses are likely necessary in immu-
nocompromisedpatients given anestimatedhalf-life of infusedNKcells
of 1–2 weeks.38 Additional study is needed to understand the pharma-
cokinetics of allogeneic cellular therapy products.
herapy: Methods & Clinical Development Vol. 32 December 2024 5
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Figure 3. Kinetics of CD3–/CD16+CD56+ NK cell counts

Box and whisker plots of NK cell counts at each study time point, grouped by dosage group. Horizontal line inside each box represents the median, the box represents the lower

and upper quartiles, and black dots represent individual patient data points. Vertical lines represent the interquartile range. Changes did not reach statistical significance.

Molecular Therapy: Methods & Clinical Development
We tested a panel of cytokines, chemokines, and inflammatory
markers to investigate both the potential inflammatory and anti-in-
flammatory impacts of NK cell therapy that could contribute to
both AEs (e.g., CRS) and efficacy. Similar to a trial using iNKT cells
for COVID-19,20 we generally observed decreases or stability in
IL-6, CRP, and ferritin after infusion. These markers are often asso-
ciated with severe inflammation in COVID-19, and NK cell therapy
could contribute to viral control and reduction in inflammation
through killing of infected macrophages and other immune cells
contributing to cytokine storm.29 Additionally, both our study and
their study observed subtle increases in pro-inflammatory cytokines
over the first week after infusion. Chemokines secreted by NK cells
to recruit and activate other immune cell subsets include MCP-1,
MIP1-a, IL-8, and IP-10,39 which were generally increased within
14 days after study infusion, especially for participants receiving the
highest dose level and for DVX201-007, the participant with the
most rapid decrease in SARS-CoV-2 viral load.

Our study adds to the sparse body of literature that is beginning to
support the feasibility, safety, and possible efficacy of adoptive cellular
6 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
therapies for COVID-19 and other viral infections. To the authors’
knowledge, this is the first report of adoptive immunotherapy with
NK cell therapy for COVID-19, harnessing their unique innate im-
mune function, and the only cellular therapy trial for SARS-CoV-2
that treated patients before they developed respiratory failure or
required salvage treatment. Notably, it is one of the only studies of
NK cell therapy for the treatment of any infection.31,35 Allogeneic
NK cellular therapies allow for off-the-shelf access that may be
more scalable and cost effective to produce than engineered or anti-
gen-stimulated products, and they are associated with low rates of
CRS and GVHD. The main limitation of this study was the relatively
small number of enrolled participants and the absence of a control
group (e.g., patients who received other SARS-CoV-2 therapies but
not DVX-201) in the context of this phase 1 first-in-human trial
focusing on safety. The use of concurrent treatments for COVID-19
also precludes an understanding of the potential direct efficacy of
the NK cell therapy administered in this trial. We allowed participants
to be eligible if receiving up to 0.5 mg/kg/day of prednisone (or equiv-
alent), similar to other trials using cellular therapies for infectious dis-
eases, given the concern that higher doses may suppress proliferation
er 2024



Figure 4. Spaghetti plots of the absolute values of cytokines and/or inflammatory biomarkers over time

Each line indicates data from a given participant organized by (A) markers of cytokine release syndrome, (B) pro-inflammatory markers, (C) anti-inflammatory markers,

(D) chemokines, and (E) mixed anti-/pro-inflammatory. The majority of participants had measurements below the level of detection for GCSF, GM-CSF, granzyme B, IL-2,

TNF-⍺, IL-12, IL-4, IL-8, IL-12, IL-15, and MIP-1⍺.

www.moleculartherapy.org
and cytotoxicity. Larger studies are needed to better determine to
what extent corticosteroids impact the efficacy of cellular therapies
for infectious diseases, in addition to their role in mitigating toxicities.
We also note that the flow cytometric assay we used for this study did
not differentiate NK cells based on CD56 intensity (i.e., dim versus
bright). Future analyses of product-specific and endogenous NK
cell immune reconstitution (e.g., expression levels of NKG2A) will
be important to better understand potential efficacy.

In conclusion, this trial demonstrated the safety of adoptive immuno-
therapy with off-the-shelf NK cells for COVID-19 and provides the
rationale and proof of concept for NK cell therapy for viral infections.
Further study is needed to better understand the optimal dose, fre-
quency of administration, and efficacy.

MATERIALS AND METHODS
Participants

We enrolled adults R18 years old requiring hospitalization for
COVID-19 at the University of Washington from August 2021 to
Molecular T
December 2022. Participants were required to have a peripheral blood
oxygen saturation level ofR93% on up to 6 L of supplemental oxygen
by low-flow delivery. Microbiologic diagnosis of SARS-CoV-2 by
a PCR-based test from the upper or lower respiratory tract
was required. Participants had to meet two out of three criteria within
72 h from study consent, including IL-6 <150 pg/mL, CRP
<10 mg/dL, and ferritin <1,000 ng/mL. Exclusion criteria included
the following: (1) weight <40 kg; (2) ventilator dependent or diag-
nosed with ARDS or multisystem organ failure; (3) oxygen require-
ments exceeding 6 L of oxygen supplementation by nasal cannula;
(4) expected intubation within 24 h; (5) expected discharge from
the hospital within 72 h of planned DVX201 date of infusion; (6)
known hypersensitivity to constituents of DVX201, such as DMSO,
or antihistamine medications, which are required for pre-medication
prior to infusion of DVX201; (7) history of baseline requirement of
supplemental oxygen prior to COVID-19 diagnosis; (8) receipt of
>0.5 mg/kg prednisone (or equivalent) daily, other than steroids
administered for COVID-19; (9) pregnant or breastfeeding; and
(10) inadequate organ function as defined by acute or chronic kidney
herapy: Methods & Clinical Development Vol. 32 December 2024 7
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injury requiring intermittent or continuous veno-venous hemodialy-
sis or an estimated glomerular filtration rate (GFR) of <60 mL/min/
1.73 m2 or abnormal liver function defined by AST (aspartate amino-
transferase), ALT (alanine aminotransferase), or alkaline phosphatase
R5 times the upper limit of normal.

The study was approved by the Fred Hutchinson Cancer Center (FH)
Institutional Review Board (IRB). All participants provided written
informed consent.

Manufacturing and characterization of the allogeneic NK cell

product (DVX201)

DVX201 is a cryopreserved, allogeneic NK cell product developed by
Deverra Therapeutics in Seattle, Washington, USA, and manufac-
tured at the FH Cell Processing Facility. Manufacture of DVX201 is
initiated by isolating CD34+ hematopoietic stem/progenitor cells
from 8 pooled donor eligible umbilical cord blood units obtained
from FDA-licensed public cord blood banks. The proprietary
manufacturing process comprises two phases: an initial CD34+
stem/progenitor cell expansion phase followed by directed differenti-
ation into NK cells. No feeder cells are required during the differen-
tiation phase, and the process is animal component free. The final NK
cell product was harvested and cryopreserved at fixed doses of 100
million, 300 million, or 900 million viable CD56+ NK cells per
20 mL dose. The final product consisted of a mixture of approxi-
mately 75% CD56+ NK cells and 24% CD56� dendritic cells, granu-
locytes, and other myeloid lineage derivatives (1% other cells) but,
importantly, was devoid of donor T cells. The final drug product
was manufactured, cryopreserved, and passed all clinical release
criteria prior to subject enrollment.

The functionality of four unique batches of DVX201 NK cell prod-
uct was assessed using an in vitro cytotoxicity assay in which a con-
stant number of GFP-expressing Kasumi-1 target cells were co-
cultured with DVX201 effector cells in a range of effector-to-target
cell ratios for 24 h in a 37�C incubator. Cells were labeled with
DAPI at the end of incubation and assessed by flow cytometry for
the percentage of dead/dying DAPI+ GFP+ Kasumi-1 cells. Results
from these assays were generated for information only as part of the
batch records (Figure S6). Preclinical studies additionally demon-
strated that DVX201 NK cells release IFN-g and TNF-a in response
to activation in the presence of transformed target cells and that
they express the cell death receptor ligands TRAIL and FasL, which
also play a role in eliminating stressed and diseased target cells. By
RNA sequencing (RNA-seq) analysis, DVX201 NK cells display a
cytotoxic NK cell signature (e.g., expression of perforin, granzymes
A/B/H, granule proteins, NKG2D, CD161, CD94, cathepsin W)
(data not shown).

The investigational product was cryopreserved prior to thawing at the
bedside and administered as an intravenous infusion over 10–15 min
within 90 min of thawing. Thawed DVX201 was held at 2�C–8�C in
insulated coolers prior to infusion. Pre-medications included acet-
aminophen by mouth approximately 30 min prior to infusion and
8 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
an antihistamine (intravenously) such as diphenhydramine approxi-
mately 15 min prior to infusion.

Trial design

This trial was an investigator-initiated, first-in-human, open-label,
non-randomized, dose-escalation, phase 1 study to assess the safety
and maximum tolerated dose (MTD) and/or recommended phase 2
dose (RP2D) of a cord-blood-derived allogeneic NK cell therapy for
the treatment of COVID-19. Secondary objectives included an assess-
ment of clinical and virological outcomes as well as evaluating
changes in inflammatory markers in the blood.

Participants were enrolled on a 3+3 dose-escalation design. Each par-
ticipant’s dose was determined by their consecutive enrollment
sequence into the trial, without any predetermined criteria or choice
based on individual patient characteristics. The first three enrolled pa-
tients received 100 million cells, the next three received 300 million
cells, and the next three received 900 million cells. DVX201 was
administered intravenously as a single dose on day 0. Participants
were monitored for AEs for 28 days post-infusion or longer if expe-
riencing related SAEs. All participants were followed daily via tele-
health/telephone visits for 6 days post-discharge if discharged from
the hospital prior to day 28. If no symptoms required an emergency
room visit or in-person clinical evaluation, telehealth/telephone visits
were reduced to twice a week until completion of study at day 28.

Sample collection and testing

Blood and NP swabs were collected prior to the infusion (baseline),
twice on day 0 (infusion day; blood collected 8 h before and after infu-
sion), and then once 1, 3, 7, 14, and 28 days after infusion. Laboratory
assessments included a complete blood count with differential, basic
metabolic panel, SARS-CoV-2 viral load of NP swabs, flow cytometry
of peripheral blood mononuclear cells for CD3�/CD16+CD56+ NK
cells, and serum levels of IL-6, CRP, and ferritin. Flow cytometry and
SARS-CoV-2 viral load testing (with results provided as cycle
threshold [CT] values) were performed at the University of Washing-
ton Department of Laboratory Medicine.

An additional panel of 19 cytokines, chemokines, and/or inflamma-
tory markers was measured with a Luminex assay in the FH Immune
Monitoring Core at the time points 8 h pre-infusion, 8 h post-infu-
sion, and then days 1, 3, 7, 14, and 28 post-infusion. This panel was
selected based on inflammatory markers associated with COVID-19
disease severity or NK cell function and consisted of Fas, granulo-
cyte-colony-stimulating factor (G-CSF), granulocyte-macrophage
CSF (GM-CSF), granzyme B, macrophage inflammatory protein-1
alpha (M1P-1a), IFN-g, monocyte chemoattractant protein-1
(MCP-1/CCL2), TNF- a, IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IL-12,
IL-15, IL-17, IL-18, and IP-10.40–43 Samples and cytokine standards
were incubated overnight with Luminex microbeads (one unique
bead population per cytokine) coated with cytokine-specific anti-
bodies. Beads were washed and then incubated for 1 h with bio-
tinylated anti-cytokine antibodies, followed by another wash and in-
cubation for 30 min with a phycoerythrin-streptavidin conjugate.
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After a final wash, the assay was read on a Luminex instrument, which
classifies each bead by its cytokine specificity and phycoerythrin fluo-
rescence intensity. The phycoerythrin fluorescence of each bead is
proportional to the cytokine concentration in the samples or stan-
dards, allowing the generation of a 5-parameter logistic standard
curve for each cytokine, with sample concentrations calculated
from these curves.

Safety monitoring

Patients were monitored for AEs and DLTs. AEs were reported ac-
cording to the NCI Common Terminology Criteria for Adverse
Events (CTCAE) v.5.0. Dose-limiting toxicities were defined as any
grade R3 infusion-related reaction within 24 h (immediate toxicity)
or any treatment emergent toxicity gradeR3 within 7 days (days 0–6)
after infusion not otherwise attributed to complications from
COVID-19.

Statistical methods

Descriptive statistics were used to summarize baseline characteristics,
AEs, and outcomes. Changes in inflammatory markers were calcu-
lated by measuring the log2 fold change between each post-infusion
time point divided by the pre-infusion baseline sample per partici-
pant. Analyses were performed using Rstudio 4.3.1 software.
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Supplemental Tables and Figures 
 
Table S1. Summary of Adverse Events 
 

Event Term Dose: 100 x 106 

(n=3) 
Dose: 300 x 106 

(n=3)  
Dose: 900 x 106 

(n=3)  
All Participants 
(n=9) 

Any Adverse Event  12 9 7 28 
Allergic Reaction 0 2 0 2 
Dyspepsia 0 1 1 2 
Dyspnea  1 0 1 2 
Epistaxis 1 1 0 2 
Lung Infection 1 0 1 2 
Nausea 1 0 1 2 
Alanine Aminotransferase 
Increase 1 0 0 1 

Arthralgia 0 1 0 1 
Aspartate 
Aminotransferase 
Increase 

1 0 0 1 

Chest Wall Pain  1 0 0 1 
Disseminated 
Intravascular Coagulation  1 0 0 1 

Dizziness 0 1 0 1 
Dysgeusia  1 0 0 1 
Hiccups 0 1 0 1 
Hyperbilirubinemia 1 0 0 1 
Insomnia 1 0 0 1 
Nasal Congestion 0 1 0 1 
Palpitations 0 0 1 1 
Phlebitis 0 1 0 1 
Rash 0 0 1 1 
Sepsis  1 0 0 1 
Sinus Tachycardia  0 0 1 1 

Adverse Event Potentially 
Related to Study Product  0 0 0 0 

Serious Adverse Event (all 
unrelated) 2 0 1 3 

Death 0 0 0 0 
No adverse events were assessed as potentially related. There were three serious AEs in two 
participants with active hematologic malignancies due to sepsis with bacteremia and recurrent COVID-
19 in one participant and recurrent COVID-19 in a second participant in the context of weaning of 
corticosteroids.  
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Table S2: Adverse Event Severity per Participant 

Participant CTCAE Term Severity 
Grade 

Relatedness to 
DVX201 SAE  AE Details as relevant 

DVX201-001 Epistaxis 1 Not related No  

 Nausea 1 Not related No  

 Insomnia 2 Not related No  

DVX201-002 Alanine aminotransferase 
increased 3 Not related No 

Related to underlying 
malignancy (ALL) and receipt 
of chemotherapy 

 Aspartate aminotransferase 
increased 3 Not related No 

Related to underlying 
malignancy (ALL) and receipt 
of chemotherapy 

 Disseminated intravascular 
coagulation 2 Not related No 

Related to underlying 
malignancy (ALL) and receipt 
of chemotherapy 

 Hyperbilirubinemia 3 Not related No  

 Sepsis 4 Not related Yes Admitted for neutropenic 
fever and bacteremia. 

 Lung Infection 4 Not related Yes COVID-19 exacerbation 
requiring ICU admission 

DVX201-003 Dyspnea 3 Not related No  

 Dysgeusia 2 Not related No  

 Chest Wall Pain 2 Not related No  

DVX201-004 Phlebitis 2 Not related No  

 Hiccups 1 Not related No  

 Epistaxis 1 Not related No  

DVX201-006 Allergic reaction 1 Not related No  

 Dizziness 1 Not related No  

 Dyspepsia 2 Not related No  

 Allergic Reaction 2 Not related No  

 Dizziness 1 Not related No  

 Arthralgia 1 Not related No  

 Nasal Congestion 1 Not related No  



 3 

DVX201-008 Lung Infection 3 Not related Yes Hospitalization for recurrent 
symptoms of COVID-19. 

 Palpitation 2 Not related No  

 Dyspnea 2 Not related No  

 Sinus tachycardia 2 Not related No  

DVX201-009 Rash maculopapular 2 Not related No  
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Figure S1: Corticosteroid use by participants during the study  

Participant-level plots of the dexamethasone dose (in prednisone equivalence) at each study timepoint.  
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Figure S2: Kinetics of supplemental oxygen use 

Spaghetti plot of the supplemental oxygen requirement in liters at each study timepoint. Each line represents 

an individual participant. Participants DVX201-002 and DVX201-008 were readmitted for worsening respiratory 

symptoms attributed to recurrent/persistent COVID-19. 
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Figure S3. Dual-axis spaghetti plots of the kinetics of supplemental oxygen usage, SARS-CoV-2 detection, 

and concurrent therapies per day after hospital admission 

For SARS-CoV-2 viral loads, the figure depicts the cycle threshold (CT) value, wherein a lower CT value 

indicates a higher viral load. Participant DVX201-002 also received casirivimab/imdevimab (Regeneron) on 

Day 1.  
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Figure S4. Kinetics of CD3- / CD16+CD56+ NK cell counts 

Spaghetti plots of NK cell counts at each study timepoint per participant.  
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Figure S5. Heat map of the kinetics of exploratory cytokines and/or inflammatory biomarkers based on fold 

changes compared to baseline time points. 

Heat maps for each participant are depicted in separate panels in order of dose level (3 participants pre 

increasing dose level). The heat maps depict fold changes (log2) for each time point relative to the Day 0 (pre-
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infusion) baseline sample per participant. Biomarkers are displayed in each panel in order of (top to bottom) 

cytokines, chemokines, enzymes, growth factors, acute phase proteins, and cell surface receptors.  

Red colors indicate an increase and blue colors indicate a decrease in values. 

 
 
 

 
 
Figure S6. Functionality of four unique batches of DVX201 NK cell product using an in vitro cytotoxicity assay. 

A constant number of GFP-expressing Kasumi-1 target cells were co-cultured with DVX201 effector cells in a range 

of effector-to-target cell ratios for 24hrs in a 37°C incubator. Cells were labeled with DAPI at the end of incubation 

and assessed by flow cytometry for the percentage of dead/dying DAPI+ GFP+ Kasumi-1 cells. Results from these 

assays were generated for information only as part of the batch records. Specific cell death of the target cells was 

determined using the following equation: 

[(% Sample Cell Death – % Spontaneous Cell Death) / (100 – % Spontaneous Cell Death)] x 100 = % Specific Cell 

Death 
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