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Human placental hematopoietic stem cell derived natural killer cells (CYNK-001) 
mediate protection against influenza a viral infection
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ABSTRACT
Influenza A virus (IAV) infections are associated with a high healthcare burden around the world and there is an 
urgent need to develop more effective therapies. Natural killer (NK) cells have been shown to play a pivotal role 
in reducing IAV-induced pulmonary infections in preclinical models; however, little is known about the 
therapeutic potential of adoptively transferred NK cells for IAV infections. Here, we investigated the effects of 
CYNK-001, human placental hematopoietic stem cell derived NK cells that exhibited strong cytolytic activity 
against a range of malignant cells and expressed high levels of activating receptors, against IAV infections. In 
a severe IAV-induced acute lung injury model, mice treated with CYNK-001 showed a milder body weight loss 
and clinical symptoms, which led to a delayed onset of mortality, thus demonstrating their antiviral protection 
in vivo. Analysis of bronchoalveolar lavage fluid (BALF) revealed that CYNK-001 reduced proinflammatory 
cytokines and chemokines highlighting CYNK-001’s anti-inflammatory actions in viral induced-lung injury. 
Furthermore, CYNK-001-treated mice had altered immune responses to IAV with reduced number of neutro-
phils in BALF yet increased number of CD8+ T cells in the BALF and lung compared to vehicle-treated mice. Our 
results demonstrate that CYNK-001 displays protective functions against IAV via its anti-inflammatory and 
immunomodulating activities, which leads to alleviation of disease burden and progression in a severe IAV- 
infected mice model. The potential of adoptive NK therapy for IAV infections warrants clinical investigation.
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Introduction
Influenza A virus (IAV) infections are associated with a high 
healthcare burden around the world.1 Globally, its epidemics 
typically occur during the cold season in temperate regions when 
low humidity and temperature ambient conditions are suggested 
to prolong virus shedding and transmission, while in subtropical 
and tropical regions the less clearly defined influenza seasons allow 
recurrent infections through the year. Overall, seasonal IAV affects 
up to 10% of the adult population and 20% of children annually 
and displays a substantial morbidity.2 Vaccination remains the 
most effective means to prevent and control IAV infections; how-
ever, annual vaccinations are limited in efficacy due to rapid 
antigenic evolution in the hemagglutinin (HA) glycoprotein. 
Influenza vaccine effectiveness in the 2018–2019 influenza season 
in the United States was 47% overall and 46% against IAV 
(H1N1),3 respectively. Alternative therapies to control emerging 
IAV are urgently needed.

Natural Killer (NK) cells are innate immune cells with an 
important role in early host response against various pathogens. 
Multiple NK cell receptors are involved in the recognition of 
infected cells, including NKG2D, DNAM-1 and the natural cyto-
toxicity receptors (NCRs) NKp30, NKp44 and NKp46, which bind 
common stress ligands or pathogen-associated molecules.4 Using 
these immune receptors, NK cells are able to recognize and spon-
taneously kill ‘stressed’ cells, such as virally infected or tumor cells, 
without prior sensitization. In addition, superiorities of NK cell- 
based therapies over T cells include better safety such as absence or 
minimal cytokine release syndrome (CRS) and graft-versus-host 

disease (GVHD), engaging various mechanisms for stimulating 
cytotoxic function, and high feasibility for ‘off-the-shelf’ 
manufacturing.5 Abnormal cells trigger NK cell activation either 
through the loss of self-identifying molecules, such as major his-
tocompatibility complex (MHC) class I, that bind to inhibitory 
receptors on the NK cells or by upregulating the expression of 
ligands for activating receptors on NK cells that can overcome the 
inhibitory signals. Various viral glycoproteins expressed by envel-
oped viruses are specifically recognized by NCRs.6,7 Activated NK 
cells release cytokines with potent antiviral activity, such as inter-
feron gamma (IFNγ) and tumor necrosis factor alpha (TNFα), as 
well as cytotoxic granules containing perforin and granzyme B.8

Recent studies have demonstrated that there is robust activa-
tion of NK cells during viral infection, and that the depletion of NK 
cells aggravates viral pathogenesis.9–13 Many mouse models of 
influenza infection also implicate a protective role for NK cells 
during infection.11–15 However, in high dose severe infection 
models, murine NK cells appeared to play a detrimental role, 
contributing to influenza pathogenesis.16,17 In humans, it has 
been reported that the number of NK cells decreased upon seaso-
nal IAV infection in peripheral blood18 and NK cell lymphopenia 
in the peripheral blood and lung was associated with disease 
severity of 2009 pandemic H1N1 infection.19,20 These findings 
not only suggest that further studies are required to fully under-
stand important roles of NK cells against IAV infection, but also 
highlight adoptive NK cell therapy may provide clinical benefits 
against IAV infection.
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Since little is known about the therapeutic potential of 
adoptively transferred human NK cells against IAV infec-
tions, here we investigated antiviral function of adoptively 
transferred CYNK-001, a culture-expanded NK cell popula-
tion derived from human placental hematopoietic stem cells, 
and its effects on host immune responses to IAV infection. 
CYNK-001 is currently being studied in four ongoing clinical 
trials: Phase I study in patients who have relapsed and/or 
refractory AML (NCT04310592), Phase I/II study for multiple 
myeloma (MM) (NCT04309084), Phase I study for glioblas-
toma multiforme (GBM) (NCT04489420) and Phase I/II 
study for coronavirus disease 2019 (COVID-19) 
(NCT04365101). In this study by using an immunocompetent 
mouse model with severe IAV-infection, we found that adop-
tive transfer of CYNK-001 displays protective functions 
against IAV, by suppression of inflammation and immuno-
modulation in disease-injured lungs without causing host 
immunotoxicity.

Materials and methods

CYNK-001 cell culture

CYNK-001 was derived by expanding and differentiating pla-
cental hematopoietic stem/progenitor CD34+ cells in a 35-day 
culture process. Placental CD34+ cells were cultivated in the 
presence of various human cytokines for 35 days to generate 
CYNK-001 under current good manufacturing practices stan-
dards, followed by release testing. Cytokine cocktail containing 
IL-2, IL-15, SCF and IL-7 were used for placental CD34+ cells 
expansion and differentiation as described before.21 Cells were 
harvested following the 35-day expansion and differentiation 
process and then frozen as a drug substance.

In vitro characterization of CYNK-001

CYNK-001 cells with NK cell purity of ≥90% CD56+CD3-, were 
used in this assay. Frozen CYNK-001 cells were thawed and 
washed in staining buffer, phosphate buffered saline (PBS) 
(10,010–023, Gibco) containing 10% FBS (10,082–147, Gibco). 
1 × 106 CYNK-001 cells were stained with LIVE/DEAD® Fixable 
Aqua Dead Cell Stain (L34966, Invitrogen) in PBS and then 
blocked with a solution containing Purified Mouse IgG2a, κ 
Isotype Control (555,571, BD), Human BD Fc Block™ (564,219, 
BD) and BD Horizon™ Brilliant Stain Buffer (563,794, BD). 
Fluorophore-conjugated antibodies from BD, Miltenyi Biotec 
and Biolegend were diluted in staining buffer according to 
manufacturers’ instructions. The following antibodies were 
used: CD226 (Clone: D×11 559,789, BD), CD337 (Clone: p30– 
15 563,385, BD), CD335 (Clone: 9-E2 563,230, BD), CD56 
(Clone: 5.1H11 362,510, BioLegend), CD3 (Clone: SK7 
560,176, BD), CD14 (Clone: MφP9, 641,394, BD), CD19 
(Clone: SJ25C1 641,395, BD), CD336 (Clone: p44–8 744,300, 
BD), CD314 (Clone: BAT221 130-092-673, Miltenyi Biotec). 
Samples were acquired on Cytek® Aurora flow cytometer 
(Cytek, CA, US) and data analyzed on FlowJo™ Software (BD, 
Version 10.7.2). Two independent experiments had been per-
formed from the six CYNK-001 donors.

Influenza a virus

Influenza virus A/Puerto Rico/8/34 (IAV PR8) H1N1 virus were 
obtained from ATCC (VR-95). They were grown in Madin– 
Darby canine kidney (MDCK) cells and then aliquoted and 
stored at − 80°C Viruses were titrated in MDCK cells [50% 
tissue culture infective dose (TCID50)] as described elsewhere.22

Murine influenza model

Animal study was conducted by contract research organization, 
Pharmaseed Ltd, and study was approved by the institutional 
IACUC and safety committees. Female Balb/c mice, 6–8 weeks 
old, were obtained from Envigo RMS (Israel) Ltd and main-
tained under pathogen-free conditions with a 12-hour light 
cycle. On day 0, mice were anesthetized using Ketamine/ 
Xylazine injection (90/10 mg/kg, SC). A total volume of 50 µL 
of IAV PR8 suspension containing 2500 PFU was administered 
intranasally. Weight was recorded daily, and mice were eutha-
nized either on day 7 or when euthanasia criterion was met with 
more than 20% weight loss from day 0. The animals were 
observed for clinical symptoms daily with special attention to 
piloerection, hunched posture and hindlimb paralysis. Scoring 
of the disease progression was performed according to Table 1.

CYNK-001 preparation and administration

On day 1 and day 3, cryopreserved CYNK-001 cells were 
thawed in a 37°C water bath. After centrifugation, CYNK-001 
cells were resuspended in PBS. Cell viability was determined by 
trypan blue, with an average of viability of approximately 95%. 
PBS or 1 × 107 CYNK-001 cells were intravenously adminis-
tered into the tail vein at a dose volume of 200 µL on day 1 
and day 3. A total of 26 mice were randomly assigned to PBS 
control (n = 13) and CYNK-001 (n = 13) groups. Five mice 
from each group were euthanized on Day 3, 4 hours post 
the second dose of PBS or CYNK-001.

Measurement of cytokines in bronchoalveolar lavage fluid 
(BALF)

BALF was collected from PBS and CYNK-001-treated mice. 
Lungs were flushed multiple time with a total volume of 1.3 ml 
ice-cold sterile Hanks’ Balanced Salt Solution (HBSS) with 3  
mM EDTA, pH 7.2. The obtained fluid was centrifuged at 800 g 
for 10 min at 4 ℃. The cells were cryopreserved in CryoStor 10 
cryopreservation media (Sigma, C2874) and the supernatant 
was stored in −80 ℃. Mouse cytokines in BALF were measured 
using a Milliplex MAP Cytokine/Chemokine Magnetic Bead 

Table 1. Clinical symptom score.

Clinical Sign* Points

Hunched posture 3
Ruffled fur (piloerection) 3
Greater than 20% body weight loss 10
Neurological symptoms (hind-limb paralysis) 10

Note: *Moribund animals or animals obviously in pain, showing signs of severe 
and enduring distress, hind-limb paralysis and animals showing a decrease of 
body weight larger than 20% from initial body weight determination or 10% 
decrease between successive weighing were euthanized.
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Panel from Millipore Sigma (MYCTOMAG-70K) and ana-
lyzed using Belysa curve fitting software. The presence of 
human cytokines was evaluated using a Milliplex MAP 
Human CD8+ T Cell Magnetic Bead Panel from Millipore 
Sigma (HCD8MAG-15K).

Immune cell phenotyping in BALF

Cryopreserved BAL cells were thawed, washed with PBS, and 
stained with Aqua Live/Dead viability dye according to the 
manufacturer’s instructions. Cells were blocked in FACS 
Buffer (PBS with .5% BSA and 2 mM EDTA) using mouse Fc 
Block (clone 2.4 G) from BD Biosciences and then stained for 
30 min at 4℃ with the following antibodies: anti-CD45-BV605 
(clone 30-F11), anti-Ly6 G-AF700 (clone 1A8), anti-CD11b- 
BV421 (clone M1/70), anti-CD11c-BV786 (clone HL3), anti- 
CD3-BUV496 (clone 145-2C11), anti-CD4-PerCP (clone 
RM4–5), anti-CD8-APC-H7 (clone 53–6.7), anti-MerTK- 
APC (clone 2B10C42), anti-CD64-PE-Cy7 (clone X54-5/7.1), 
anti-F4/80-PE (clone T45–2342), anti-IA/IE-FITC (clone M5/ 
114.15.2), and anti-Siglec-F-PE-CF594 (clone E50–2440). Cell 
profiles were acquired on a BD LSR Fortessa X20 with beads 
used for compensation of spectral overlap. Fluorescence Minus 
One (FMO) for markers were used as gating controls. Immune 
cell populations were identified based on previously described 
cell surface markers23 with slight modifications (Table 2). Data 
were analyzed using FlowJo (V10, TreeStar).

Immunohistochemistry

Formaldehyde fixed, paraffin embedded lung samples were 
sectioned to 4-micron thickness and placed on slides for 
immunohistochemical evaluation. Sectioned lung tissues were 
stained for the following murine cell markers: CD3, CD4, CD8, 
and CD68. Alkaline phosphatase (AP)- and 3,3′- 
Diaminobenzidine (DAB)-based methods were used for single 
and/or dual staining. Quantitative analysis of the number of 
positive cells in separate fields was reported.

Statistical analysis

GraphPad Prism 9.3.1 (GraphPad Prism Software, Inc.) was 
used to calculate statistics one-way ANOVA, paired and 
unpaired t test methods. Data were expressed as the mean ±  
SEM. Statistical significance was shown as *, P < .05; **, P < .01 
and ***, P < .001.

Results

In vitro characterization of CYNK-001 cells

CYNK-001 is a culture-expanded NK cell population derived 
from human placental hematopoietic stem cells with the nom-
inal NK surface phenotype of CD3- CD14- CD19- CD56+ 
(Figure 1a). The activating receptors of NK cells such as 
NKp46, NKp44, and NKp30, have been implicated in function-
ally arming NK cells following influenza virus infection via 
binding with influenza virus hemagglutinin (HA),7 and our 
CYNK-001 exhibited strong cytolytic activity against a wide 
range of tumor cell lines.24 Therefore, we further validated high 
expression levels of activating receptors including NKp30, 
NKp44, NKp46, DNAM-1 and NKG2D as a basal phenotype 
for CYNK-001 NK cells (Figure 1b and 1c). Taken together, 
these data suggest that CYNK-001 cells may recognize virally 
infected cells through the binding of IAV HA with NK cell 
receptors such as NKp44, and exert cytotoxic elimination of 
the source of infection. Further studies are required to explore 
this hypothesis.

CYNK-001 confers in vivo resistance to severe IAV 
infection

To evaluate in vivo effects of CYNK-001 on acute and severe 
lung injury and inflammation, we chose a high-dose IAV- 
infection mouse model, in which CYNK-001 (1 × 107 cells/ 
mouse) was intravenously infused at 1- and 3-days post infec-
tion (dpi) as described in Figure 2a.

As early as 3 dpi, infection caused rapid weight loss 
(Figure 2b) with increased clinical symptoms characterized by 
hunching and ruffled fur (Figure 2c and Table 1). Notably, 
mice received CYNK-001 cells had reduced weight loss and 
milder clinical symptoms compared to PBS-treated mice. 
Consistent with these findings, mice treated with CYNK-001 
showed a delayed onset of mortality: At 4 dpi, all mice in the 
CYNK-001-treated group were alive whereas 37.5% mortality 
rate occurred to the PBS-treated group (Figure 2d), although 
the difference was not statistically significant (p = .0547, χ2 

test). These results indicate CYNK-001-mediated resistance 
to the disease progression caused by severe IAV infection in 
mice.

The presence of CYNK-001 in Balb/c lungs was only detect-
able at 4 hours post i.v. infusion by digital PCR with an hTERT 
primer/probe specific for human gDNA (Fig. S2), while human 
cytokines secreted by CYNK-001 cells were undetectable in the 
BALF and plasma samples at 3 and 6 dpi (data not shown). 

Table 2. Immunophenotypes of BALF cells.

Cell population Immunophenotype

Neutrophils CD45+, Ly6 G+
CD8+ T cells CD45+, Ly6 G-, Myeloid- (CD11b- and CD11c-), CD3+, CD8+
CD4+ T cells CD45+, Ly6 G-, Myeloid- (CD11b-, and CD11c-), CD3+, CD4+
NK Cells CD45+, Ly6 G-, Myeloid+ (CD11b+ and/or CD11c+), SSClo, IA/IE-, CD64-, CD11bint

Total Macrophages CD45+, Ly6 G-, Myeloid+ (CD11b+ and/or CD11c+), SSChi, IA/IE+, MerTK+, CD64+
Alveolar Macrophages CD45+, Ly6 G-, Myeloid+ (CD11b+ and/or CD11c+), SSChi, IA/IE+, MerTK+, CD64+, CD11blo/neg, CD11chi, F4/80+, Siglec-F+
Interstitial Macrophages CD45+, Ly6 G-, Myeloid+ (CD11b+ and/or CD11c+), SSChi, IA/IE+, MerTK+, CD64+, CD11bhi, CD11clo/neg, F4/80+, Siglec-F-
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These results suggested a short life span of CYNK-001 cells in 
immunocompetent Balb/c mice, which might relate to the non- 
statistically changed viral load (Fig. S3) and the limited effects 
of CYNK-001 demonstrated in this study.

CYNK-001 reduces lung inflammation induced by IAV 
infection
Inflammation is one of the essential contributors of IAV- 
infection disease severity.25–27 Therefore, we next examined 
cytokines and chemokines in the BALF as indications of 
CYNK-001’s impacts on lung inflammation (Figure 3a). At 3 
dpi, no effect of CYNK-001 on murine cytokines and chemo-
kines was observed (Figure 3b). With progression of the disease, 
the levels of proinflammatory murine cytokines and chemokines 
showed intensive increase by 6 dpi. For example, IFN-γ level 
increased from 76 ± 22 pg/ml at 3 dpi to 5633 ± 255 pg/ml at 6 
dpi in PBS-treated and IAV-infected mice. Strikingly, CYNK- 
001-treated mice produced significantly lower level of IFN-γ 
(1065 ± 367 pg/ml) at 6 dpi, 5-fold less than PBS control group. 
Consistently, CYNK-001 treatment also reduced other proin-
flammatory cytokines and chemokines such as MCP-1 (p < .05) 
and IL-6 (p = .056). In contrast, levels of TNF-α in BALF 
remained unchanged upon CYNK-001 treatment.

To further elucidate effects of CYNK-001 in the host 
immune responses, we profiled immune cell populations in 
BALF at 3 and 6 dpi. First, unchanged murine CD45+ cell 
populations indicated that CYNK-001 treatment did not alter 
the total number of immune cell infiltrates in the BALF (Fig. 
S4). Among murine CD45+ cells, host neutrophils and macro-
phages were most abundant at 3 dpi whereas T cells became the 
largest immune cell population at 6 dpi in lung (Figure 3c), 
suggesting the shift from innate to adaptive immune responses. 
At 3 dpi, CYNK-001-treated mice had 60.6 ± 2.2% neutrophils, 
significantly higher than 49.2 ± 2.9% in PBS-treated mice. By 6 
dpi, however, significantly less neutrophils were observed in 
CYNK-001-treated mice (12.4 ± 2.1%) compared to PBS con-
trol (19.6 ± 1.4%) (Figure 3d), suggesting a larger reduction of 
neutrophils in CYNK-001-treated mice along with disease pro-
gression. In contrast, CYNK-001 treatment resulted in 
a significant increase in CD8+ T cells at 6 dpi, suggesting its 
effect on adaptive immune response. As a result, neutrophil-to- 
CD8+ T cell ratio (N8 R), a diagnostic and prognostic marker 
for severe COVID-19 respiratory disease,28–30 was significantly 
lower in the CYNK-001-treated mice compared to the PBS 
control (Figure 3e). We also noticed mouse endogenous NK 
cells were significantly less by CYNK-001 treatment at 3 and 6 
dpi (Figure 3d). No significant differences were detected in the 

Figure 1. CYNK-001 in vitro characterization. Note: (a) Representative flow cytometry dot plots demonstrating the gating strategy for the analysis of CYNK-001 cells. 
Thawed CYNK-001 cells were stained with fluorophore-conjugated antibodies recognizing indicated NK cell markers and analyzed by flow cytometry. CYNK-001 are 
defined as live CD3- CD14- CD19- CD56+ cells. (b) Representative histograms of the expression of NK cell activating receptors involved in virus recognition on CYNK-001 
cells. FMO—fluorescence minus one control. (c) Quantitative analysis of expression levels of indicated markers on CYNK-001 cells (n=6). Percentage of CD56+Lin- is 
under “Live cells” gating as shown in Fig. 1a. Percentage of NKp30, NKp46, NKp44, DNAM-1, and NKG2D is under CD56+CD3-CD19-CD14- gating.
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number of CD4+ T cells and total macrophages, alveolar as 
well as interstitial macrophages (Fig. S5) at 3 and 6 dpi. 
Collectively, these data demonstrate the CYNK-001-altered 
immune responses to viral infection in immunocompetent 
mice, which overall alleviated inflammation induced by IAV 
challenge.

CYNK-001 alters murine lung immune cell populations

Compared to uninfected lung tissue, histopathological analy-
sis of the IAV infected lung revealed that the changes in the 
lungs consisted of necrosis and ulceration of the bronchial 
lining epithelium, presence of inflammatory exudate in the 
bronchial lumen, and post-necrotic regenerated epithelium 
in the bronchi (Fig. S6). No significant difference in micro-
scopic lesions was observed between the groups treated with 
CYNK-001 and PBS (Table S1). Nevertheless, immunohisto-
chemical analysis of the lungs confirmed a significant 
increased infiltration of CD3+/CD8+ T cells co-stained by 
the two markers in CYNK-001-treated lungs compared to 
PBS treatment, corroborating with the findings in the BALF, 
while the amount of CD4+/CD8+ T cells were comparable 
between both groups (Figure 4a and 4b). Interestingly, mur-
ine CD68+ lung macrophages were also significantly 
increased upon CYNK-001 infusion. These observations sug-
gest the alteration of murine immune cell profiles in lung 
tissue due to CYNK-001 treatment may contribute to its 
anti-inflammatory effects post IAV infection.

Discussion

NK cells are critical for innate regulation of the acute phase of 
IAV infection through cytolytic activity and production of 
cytokines to directly eliminate virus infected cells6,11,31 and 
for regulation of adaptive immunity.32 In humans, most studies 
investigating NK cell responses to IAV infection analyzed 
peripheral blood and lung NK cells from IAV patients or 
healthy donors in in vitro infection models.33–35 Here, we 
report for the first time to our knowledge that adoptive transfer 
of human NK cells derived from placental hematopoietic stem 
cells provides protection against severe IAV infection in mice. 
This effect is presumably via CYNK-001-mediated alleviation 
of lung inflammation and immunomodulation. It has been 
reported that NK cell cytolytic activity against influenza virus 
is triggered by the recognition of viral HA and stress ligands by 
NKp44 and NKp46 receptors.6,31,36 In the current study, anti-
viral activity of CYNK-001 against IAV infection was not 
addressed. However, high expression levels of activating recep-
tors in CYNK-001 cells such as NKp44, which is unique com-
pared to peripheral blood NK cells with low or undetectable 
expression of NKp44,24,37–39 suggest our cell product may 
exhibit cytotoxic response against virus-infected cells through 
binding activating receptors to viral HA. This hypothesis will 
be evaluated in further investigations.

NK cell response to IAV has been largely studied in mice, in 
which protective or detrimental effects were reported due to 
differences in influenza strain, dose, and genetic background of 
mice.11–13,15–17 The mechanisms underlying different roles that 

Figure 2. Effects of CYNK-001 in IAV-induced acute and severe infection mouse model. Note: (a) A schematic of the treatment schedule: Balb/c mice were infected with 
2500 plaque forming unit (PFU) of influenza A virus (IAV) strain A/Puerto Rico/8/34 (PR8). On day 1 and day 3 post-infection mice were administered 1x107 CYNK-001 
cells or PBS intravenously. (b) Body weight change after infection. (c) Clinical score and (d) survival rate of the infected animals with PBS or CYNK-001 treatment (n=8).
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NK cells play in response to IAV infection remain to be eluci-
dated. It is speculated that secretion of cytokines and chemo-
kines from activated NK cells may be a double-edged sword that 
could promote an antiviral microenvironment but could also 
induce an intense inflammatory response. The primary 
mechanisms of IAV pathophysiology include virus replication- 
induced damage to the respiratory epithelium, the immune 
responses recruited to handle the spreading virus and subse-
quent inflammation-induced injuries.40 Therefore, one of the 
keys to combat influenza virus infection is to suppress inflam-
mation without induction of an excessive immune response.

To better understand the effect of CYNK-001 on IAV- 
induced lung inflammation, an acute severe IAV infection 
model in Balb/c mice was used in this study. Repeat dosing 
regimen of CYNK-001 at 1 and 3 dpi was applied to over-
come short persistence of CYNK-001 in immunocompetent 
mice. As observed, vehicle-treated mice started to die as 
early as 4 dpi, leading to a limited time window for treat-
ment. Therefore, two injections of CYNK-001 within 3 days 
post infection appeared to be optimal for both dosing fre-
quency and duration in this model. CYNK-001 treatment 
reduced body weight loss and clinical symptoms and 
delayed the onset of mortality, thus demonstrating its pro-
tective functions in vivo. Since the highly dynamic changes 
of lung viral load and immune cell influxes were presented 
recently in a murine IAV infection model,41 the lung viral 
load examinations in a time-course manner will be helpful 
to better understand CYNK-001’s in vivo antiviral activity.

Immune cell infiltration is crucial for control of virus 
replication and resolution of infection. However, this 
response often contributes to pathogenesis and morbidity.40 

In the case of highly pathogenic IAVs such as the 1918 
pandemic H1N1 strain and the recent avian H5N1 and 
H7N9 strains, an excessive inflammatory response caused 
irreparable damage to the lungs resulting in high mortality 
rates.25–27 To better understand the mechanism underlying 
CYNK-001-mediated protection against IAV infection, we 
further investigated the production of cytokines and chemo-
kines as well as immune cell infiltration in the BALF and the 
lungs. Mice treated with CYNK-001 had decreased proin-
flammatory cytokines and chemokines compared to PBS- 
treated mice, of which reduction of IFNγ was the most 
dramatic and significant. In fact, IFNγ-/- mice infected 
with the H1N1 pandemic virus A/California/04/2009 had 
decreased immunopathology and enhanced survival,42 while 
a lack of IFNγ signaling in IFNγR-/- mice infected with the 
H1N1 virus A/WSN/33 also resulted in decreased virus 
replication and reduced disease symptoms.43 In addition, 
IFNγ signaling induces the production of other pro- 
inflammatory cytokines and chemokines, including TNFα 
and MCP-1 in macrophages,43,44 further suggesting IFNγ as 
a major driver of inflammatory responses.43,45–47 It is 
reported that MCP-1 recruits monocytes to the lung tissue 
further worsening the immunopathology.48 In line with IFNγ 
reduction, MCP-1 level was also significantly decreased in 
CYNK-001-treated mice. Taken together, the significantly 

Figure 3. CYNK-001 alters pro-inflammatory cytokine levels and immune cell profile in BALF post IAV-infection. Note: (a) Study schematic: CYNK-001 cells or PBS were 
treated in Balb/c mice at indicated time points before BALF and lung tissue collection. Pro-inflammatory cytokines (b) and leukocyte subsets (c-e) were analyzed in the 
bronchial alveolar lavage fluid (BALF) samples of mice at 3 and 6 dpi, using Milliplex and flow cytometry analysis respectively. (c, d) The proportion of indicated murine 
immune cell subsets as a fraction of CD45+ cells in the BALF. (d) Neutrophil to CD8+ T cell ratio in BALF.
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reduced proinflammatory cytokines and chemokines such as 
IFNγ and MCP-1 likely contributed to CYNK-001-mediated 
anti-inflammatory protection.

High neutrophil-to-lymphocyte ratio (NLR) as well as N8 R 
have been reported as useful prognostic biomarkers correlated 
with severe disease and fatality in patients infected with 
IAV49,50 and the SARS-CoV-2 coronavirus.28,29 Here, we 
found that CYNK-001-treated mice had significantly lower 
N8 R at 6 dpi with reduced neutrophil and increased CD8+ 
T cells compared to PBS control in BALF, and an increased 
infiltration of CD3+/CD8+ T cells was also observed in lung 
tissue post CYNK-001 infusion. These findings suggest 
a dynamic impact of CYNK-001 treatment on both innate 
and adaptive immune responses.

With the focus on acute lung injury and inflammation induced 
by IAV infection, the Balb/c mouse model used in our study was 
limited in its short in-life duration due to severe symptoms post 
infection, which prevents the monitoring of chronic impacts of 
CYNK-001 treatment. In a recent chronic mouse model of 
mouse-adapted IAV infection, the disease progression and follow- 

up symptoms like IAV-associated neuroinflammation, were 
examined by up to 120 dpi.51 In addition, the short persistence 
of CYNK-001 cells when infused in a xenogeneic setting into fully 
immune competent Balb/c mice was another limitation. Human 
CD34+ hematopoietic stem cell-engrafted NSG mouse model 
with transgenic human cytokine expression52 may address this 
issue, and thus better serve the purpose of analyzing long-term 
therapeutic effects of CYNK-001 cells in future.

In conclusion, we demonstrate that adoptive transfer of 
CYNK-001 reduces acute lung injury by suppression of inflam-
mation and immunomodulation in a severe IAV-infection 
model. Our results suggest that CYNK-001 may offer a novel 
approach to the treatment of viral infections and provide 
a cohesive scientific rationale for the ongoing Phase I clinical 
study in COVID-19 patients.
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Figure 4. CYNK-001 alters immune cell profiling in lung post IAV-infection. Note: (a) Representative images of lung tissue sections with single staining of mouse CD68 or 
dual staining of CD3 (DAB, brown) with CD8 or CD4 (AP, red) at dpi 6. (b) Quantitative analysis of cells in per unit area with positively co-stained markers of CD4+/CD3+, 
CD8+/CD3+, or CD68+ single-stained maker.
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