
I M M U N O T H E R A P Y  

Natural killer cells for antiviral therapy 
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Natural killer (NK) cell–based immunotherapy is being explored for treating infectious diseases, including viral 
infections. Here, we discuss evidence of NK cell responses to different viruses, ongoing clinical efforts to treat 
such infections with NK cell products, and review platforms to generate NK cell products. 
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INTRODUCTION 
Natural killer (NK) cells are immune cells capable of discriminating 
normal from abnormal cells, and NK cell deficiency generally 
results in lethal infections (1). NK cells respond to viral infections 
within hours, resulting in the killing of infected cells without prior 
activation, engagement of multiple targets simultaneously, secre-
tion of antiviral cytokines, and interaction with the adaptive 
immune system. These capabilities make NK cells attractive for 
use as treatments, but NK cell responses to infection remain incom-
pletely understood. Here, we review the current knowledge of NK 
cell roles in counteracting viral infections and speculate about NK 
cell products for treating HIV, cytomegalovirus (CMV), influenza, 
BK virus, and severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infections. 

NK cells originate in the bone marrow and thymus and share a 
common progenitor cell with T and B cells [reviewed in (2)]. NK 
cells lack T and B cell receptors (TCRs and BCRs, respectively) 
and expression of CD3 and instead express CD56 and CD16 [Fc 
gamma receptor III (FcγRIII)], the mediator of antibody-dependent 
cellular cytotoxicity (ADCC). Immature NK cells (CD56bright/ 
CD16dim) develop into tissue-specific subpopulations (3), and 
mature NK cells (CD56dim/CD16bright) in these tissues and periph-
eral blood express killer cell immunoglobulin receptors (KIRs); 
secrete proinflammatory cytokines, perforins, granzymes, defen-
sins, and cathelicidin; and mediate ADCC (4). 

NK cells use various receptors to interact with other cells. Inhib-
itory receptors (e.g., NKG2A/CD94 and inhibitory KIRs) recognize 
human leukocyte antigen (HLA) surface molecules, protecting 
healthy cells from NK cell–mediated attack (2) and allowing NK 
cells to recognize a reduction in HLA class I (HLA-I) molecules 
on infected or malignant cells. Activating receptors, e.g., lectin- 
like receptors (NKp80 and NKG2 family), Fc receptors (CD16), 
and natural cytotoxicity receptors (NKp30, NKp44, and NKp46), 
allow NK cells to recognize increased expression of stress ligands, 
leading to NK cell–mediated killing. In addition, interleukin-2 
(IL-2), IL-12, IL-15, IL-18, and type 1 interferons (IFNs) differen-
tiate or activate NK cells. The chemokine receptors CCR1, CCR2, 
CCR5, CCR7, CXCR1, CXCR3, CXCR4, CXCR6, and CX3CR1 
recruit NK cells to infected tissues (2). 

Unlike T or B cells, NK cells do not require prior antigen expo-
sure to mediate their effects. Although once believed to lack 

immune memory, recent evidence suggests that NK cells recall re-
sponses upon cytokine stimulation (5). In addition, NK cell subsets 
can show adaptive immune responses to viruses in mice, nonhuman 
primates, and humans (6–9). Furthermore, in a mouse model of 
CMV infection, primed NK cells exhibit enhanced IFN-γ secretion 
and degranulation and can protect against an otherwise lethal chal-
lenge with this virus (10). 

Adoptive NK cell immunotherapy 
NK cells are attractive for adoptive cellular therapy because they can 
identify and kill abnormal cells. Because of their non-HLA–restrict-
ed effector functions, NK cells are being developed as off-the-shelf 
therapies. NK cell lines, such as NK92 cells, which are IL-2–depen-
dent (11), can be used to generate off-the-shelf products that express 
CD2, CD11a, CD28, and CD54 and are CD56bright but do not 
express TCRs or BCRs or lineage markers (Fig. 1). NK92-derived 
cellular products predominantly kill target cells through CD95 
ligand rather than granzyme B and perforin-mediated mechanisms 
(12, 13), and these cells can also be genetically modified to express 
desired receptors (e.g., CD16 for ADCC). Because NK92 cells were 
derived from a rare lymphoma (12), the cell product first must be 
irradiated, limiting its viability and thus requiring repeated infu-
sions. However, even multiple high-dose infusions have been well 
tolerated and effective in persons with hematological malignancies; 
the product was immunogenic with anti-HLA antibodies detected 
in most recipients (14). 

Peripheral blood is also a good source of NK cells for immuno-
therapy, especially mature NK cells. Distinct protocols have been 
used for peripheral blood–derived NK cell expansion and activa-
tion. When expanded on membrane-bound IL-15–expressing 
feeder cells, NK cell products display an activated phenotype, ex-
pressing NKG2D, NKp30, NKp44, NKp46, and DNAX accessory 
molecule 1 (DNAM-1), but produce IFN-γ at concentrations 
similar to those produced by nonexpanded NK cells. These expand-
ed NK cells exhibit increased cytotoxicity compared with nonex-
panded NK cells. They can also be genetically modified to 
overexpress NKG2D, a chimeric antigen receptor (CAR) targeted 
to CD19 (CD19 CAR; a B lymphocyte antigen also expressed on 
cancers of the bone marrow), and membrane-bound IL-15 (which 
influences their in vivo persistence) (15). Membrane-bound IL-21– 
expressing feeder cells for NK cell expansion allow IL-21 signaling 
to activate telomerase, increasing telomere lengths and prolonging 
cellular proliferation. These expanded NK cells express high con-
centrations of IFN-γ, tumor necrosis factor–α (TNF-α), IL-22, 
and IL-23 (15), and NK activating receptors as well as the activation 
and terminal differentiation markers NKG2D, NKp30, NKp44, 
NKp46, NKp80, CD69, CD57, and DNAM-1 (15, 16). CD16 is 
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also expressed, although it is susceptible to A disintegrin and metal-
loprotease 17 (ADAM17)–mediated cleavage, which could be mod-
ified genetically. Recent development of a feeder cell–free expansion 
platform using membrane particles produced from membrane- 
bound IL-21 feeder cells eliminates the risk of feeder cell contami-
nants (16). This cellular platform is being tested clinically to 
confirm the potential of membrane-bound IL-21–stimulated NK 
cells in hematological malignancies (17, 18). 

Umbilical cord blood–derived NK cells with genetic modifica-
tion and CAR expression have also been expanded on membrane- 
bound IL-21 feeder cells. These NK cells express IL-15 and CD19- 
CAR, can treat B cell lymphoma, and may be long-lived (19). 
However, like peripheral blood–derived NK cells, their CD16 is 
cleavable, and they display an immature phenotype. 

Induced pluripotent stem cell (iPSC)–derived NK cells can be 
generated (20) and expanded on membrane-bound IL-21 feeder 
cells (15, 16) and express NKG2D, NKp44, NKp46, and CD94. 
These cells are also genetically modifiable (21). Examples include 

expressing CD19-CAR and a high-affinity noncleavable variant of 
CD16a (hnCD16) for enhanced ADCC (22). Currently, iPSC- 
derived NK cell infusion products are being used to target malig-
nancies and SARS-CoV-2 infection (NCT04363346) (Table 1). 

Umbilical cord blood–derived NK cells and iPSC-derived NK 
cells have an immature phenotype, lack KIR expression, and, con-
sequentially, lack KIR-dependent NK cell “licensing.” NK cell li-
censing is thought to be crucial for NK cell functionality and 
requires KIR–self–HLA-I interactions during NK cell development. 
However, about a third of all NK cells in mice and humans lack self- 
specific HLA-I receptor expression and are hence “unlicensed.” Al-
though naturally occurring, unlicensed NK cells are hyporespon-
sive, cytokine-induced activation (with IL-12, IL-15, and IL-18) 
can trigger potent antitumor effects, including CD16-mediated 
ADCC (23). Furthermore, there are no data that show that KIR ex-
pression affects efficacy of adoptively transferred peripheral blood– 
derived and cytokine-activated NK cells or iPSC-derived CAR-NK 
cells (24). 

Fig. 1. Design of a generic antiviral NK cell infusion product. NK cells expanded in vitro undergo multiple changes, including up-regulation of receptors for chemo-
kines and cytokines needed for these cells to traffic to and proliferate in regions of viral infection. Expanded NK cells also express activating receptors (e.g., NKG2D, CD16, 
DNAM-1, Fas-ligand, and CD69) and natural cytotoxicity receptors (e.g., NKp44, NKp46, and NKp30). The antiviral potential of NK cells can be enhanced by antibody 
blockade or genetic knockout of known NK cell immune checkpoint molecules. JAK, Janus kinase; GM-CSF, granulocyte-macrophage colony-stimulating factor; STAT, 
signal transducer and activator of transcription; LAG-3, lymphocyte activation gene-3; PD-1, programmed death 1; TIM-3, T cell immunoglobulin and mucin-containing 
domain-3; TIGIT, T cell immunoglobulin and ITIM domain. 
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Placental stem cell–derived NK cell products are currently being 
tested in adults with coronavirus disease 2019 (COVID-19) 
(NCT04365101) (Table 1). As with iPSC-derived NK cells, the use 
of placental tissue allows for an almost unlimited source of cells, and 
these cells express NKG2D, CD94, DNAM-1, NKp30, NKp46, and 
NKp44 but require genetic modification for robust CD16 expres-
sion and ADCC functions (25). 

Whereas NK cell products have garnered clinical interest, several 
limitations remain. First, upon infusion, NK cells do not proliferate 
as vigorously as T cells; however, larger numbers of NK cells (>107/ 
kg recipient) can be infused, and the risk of graft-versus-host disease 
is low (24). Second, NK cell longevity is uncommon, although a 
recent report of IL-15–producing CD19-CAR NK cells in recipients 
a year after a single–NK cell infusion is encouraging (19). This lon-
gevity goal may be easier to achieve with iPSC-derived, hematopoi-
etic stem cell–derived, or placental stem cell–derived NK cells rather 
than with terminally differentiated NK cells. 

NK cell–based therapies for viral infections 
NK cells fight both primary and chronic viral infections and are the 
first lymphocyte lineage to reconstitute after allogeneic hematopoi-
etic stem cell transplant. On the basis of NK cell biology, an adoptive 
NK cell therapy could be designed to cure difficult-to-treat viral in-
fections caused by key human pathogens. 
Human immunodeficiency virus 
Thirty-eight million people lived with HIV infection worldwide in 
2019 and another 33 million people have died from HIV (26). An-
tiretroviral therapy has changed HIV from a universally lethal 
disease to a chronically managed disease, but major comorbidities 
of HIV infection remain. 

NK cell effector functions play essential roles in host resistance to 
HIV disease. For example, NK cells that are expanded during early 
acute HIV infection inhibit HIV replication (27, 28), and NK cell– 
mediated HIV-specific effector functions correlate with the emer-
gence of certain viral escape mutants (29). In addition, vigorous 
NK cell activity correlated with protection from HIV infection in 
exposed persons (30–32), and increased NK cell–mediated ADCC 

Table 1. Clinical trials investigating adoptive NK cell therapies for treating viral infections. Clinical trials were identified on Clinicaltrials.gov (July 2021) using 
combinations of search terms. Of the 200 identified clinical trials, only open/active or completed interventional trials were included. Trials were excluded if they 
had unknown, withdrawn, or suspended status; if they were designed to treat malignancies or systemic lupus erythematosus; if they included other therapeutics 
that could affect infectious disease course or exert a direct effect on infused/endogenous NK cells; if they included immune checkpoint inhibitors, Toll-like receptor 
agonists, IL-2, peginterferon, direct-acting antivirals, corticosteroids, and dietary supplements; or if studies were performed solely for immune profiling or included 
vaccination. NK cell immunotherapy studies were included if they were performed during CMV reactivation after hematopoietic stem cell therapy.    

Clinical trial status  Study title  Population  Intervention  Sponsor        

NCT04634370 
pending 
recruitment  

Phase 1 clinical trial on NK cells  COVID-19  NK cell dose escalation  Hospital de Clinicas de 
Porto Alegre     

NCT04578210 
recruiting  

Safety infusion of NK cells or 
memory T cells as adoptive 

cell therapy  

COVID-19 patients with 
pneumonia requiring 

hospitalization  

Arm 1: NK cells  Instituto de 
Investigación Hospital 

Universitario La Paz     
Arm 2: Memory T cells     

From allogeneic donors who have 
recovered from COVID-19     

NCT04365101 
pending 
recruitment  

NK cell (CYNK-001) infusions in 
adults with COVID-19  

COVID-19  CYNK-001  Celularity     

Genetically engineered placental– 
derived NK cells     

NCT04363346 
pending 
recruitment  

Study of FT516 for treating 
COVID-19 in hospitalized 

patients with hypoxia  

COVID-19  FT-516  University of 
Minnesota     iPSC-derived NK cell product 

engineered to express 
noncleavable CD16     

NCT04324996 
recruiting  

A phase 1/2 study of universal 
off-the-shelf NKG2D-ACE2 CAR- 
NK cells for treating COVID-19  

COVID-19  Several arms, UB-CB–derived: NK cells, 
IL-15-NK cells, NKG2D CAR-NK cells, 

ACE2 CAR-NK cells, and NKG2D-ACE2 
CAR-NK cells  

Chongqing Public 
Health Medical Center     

NCT04280224 
recruiting  

NK cells for treating COVID-19  COVID-19  NK cells (source or expansion not 
disclosed)  

Xinxiang Medical 
University     

NCT04320303 
recruiting  

CMV infection and immune 
intervention after 

transplantation  

CMV viremia 
transplantation infection  

membrane-bound IL-21/4-1bb-ligand 
NK cells  

Peking University 
People’s Hospital     

NCT03899480 
completed in 
2021 (n = 9)  

Adoptive transfer of 
haploidentical NK cells and 

N-803  

HIV  Haplo NK cells activated and infused 
with N-803 (IL-15 superagonist)  

University of 
Minnesota     

NCT03346499 
completed in 
2018 (n = 4)  

Adoptive transfer of 
haploidentical NK cells and IL-2  

HIV  NK cells + IL-2  University of 
Minnesota    

Smith et al., Sci. Transl. Med. 15, eabl5278 (2023) 4 January 2023                                                                                                                                            3 of 12  

S C I E N C E  T R A N S L AT I O N A L  M E D I C I N E | R E V I E W  
D

ow
nloaded from

 https://w
w

w
.science.org on D

ecem
ber 25, 2024

http://Clinicaltrials.gov


inversely correlated with the risk of infection among participants in 
an HIV vaccine efficacy trial (33). In unvaccinated persons, specific 
combinations of NK cell KIR genes expressed in conjunction with 
their HLA ligands are associated with slower HIV disease progres-
sion and lower viral set point. Expression of HLA class I alleles of 
the Bw4 family with KIR3DL1 allotypes (34–36) and combinations 
of KIR3DS1 and HLABw4 or KIR2DL3 and HLA-C enhance NK 
cell activation (37). Moreover, HIV slow progressors and elite con-
trollers with high expression of KIR3DL1*h and HLA-Bw4-80I have 
increased NK cell functionality, with their NK cells exhibiting en-
hanced K562 target cell–induced NK cell degranulation and IFN-α 
stimulation–induced IFN-γ secretion (38). In contrast, KIR3DS1 is 
associated with accelerated HIV disease progression, both in the 
presence and in the absence of coexpressed HLA-Bw4-80I (39), 
and ongoing HIV replication can induce the expansion of a dys-
functional CD3−CD56−CD16+ NK cell subset (40). 

To avoid the killing of HIV-infected T cells, HIV modulates NK 
cell receptor ligand expression. For example, the viral protein Vpr 
induces expression of the NKG2D ligands UL16 binding protein 1 
(ULBP-1) and ULBP-2, triggering NK cell activation (41, 42). In 
contrast, viral protein Nef prevents the expression of the NKG2D 
ligands MICA, ULBP-1, and ULBP-2 on HIV-infected cells (43) 
and induces the down-regulation of ligands to NKp44 (41, 44). Sim-
ilarly, Vpu reduces NK cell control of HIV-infected cells by down-
modulating NK-T-B antigen (NTB-A) on infected cells, which 
engages the NTB-A coactivation receptor on NK cells in a homo-
typic fashion (45). Furthermore, Nef selectively down-regulates 
HLA-A and HLA-B, ligands for the NK cell–expressed KIR3DL1 
inhibitory receptor, but not HLA-C and HLA-E. Vpu down-regu-
lates HLA-C, but HLA-A and HLA-B are unaffected (46–48). 

Whereas antiretroviral therapy for HIV improves IFN-γ produc-
tion from NK cells and enhances ADCC function, it fails to 
completely restore subsets of NK cells. HIV infection reduces the 
frequency of CD56+ NK cells; the expression of NKp30, NKp44, 
and NKp46; IFN-γ production; and ADCC function while increas-
ing the number of CD3−CD56−CD16+ NK cells. Ultimately, in HIV 
infection, CD3−CD56−CD16+ NK cells dominate and exhibit poor 
NK cell effector functions (40). 

NK cell products can be administered with cytokines or engi-
neered to secrete growth or stimulating factors, e.g., IL-15. Theoret-
ically, if NK cell products are engineered to recapitulate elite 
controller immunity, then a functional cure could be reached 
(Fig. 2). In vitro, IL-15 stimulation robustly activates NK cells 
from persons with HIV on antiretroviral therapy, restoring IFN-γ 
production to similar levels seen in HIV-negative persons and re-
sulting in the killing of HIV-infected cells after treatment with the 
histone deacetylase inhibitor vorinostat, a viral latency-reversing 
drug (49). Furthermore, IL-15 stimulation can both reactivate 
HIV replication and activate endogenous NK cells to kill HIV-in-
fected cells (50–52). Activation of NK cells by the IL-15 superagon-
ist N803 inhibited acute HIV-1 infection in humanized mice (50). 
IL-15 treatment increased activated cytotoxic T lymphocytes and 
NK cells and reduced simian-human immunodeficiency virus 
(SHIV) in the lymph nodes of SHIV-infected nonhuman primates 
(51). A clinical study evaluating adoptively transferred haploident-
ical NK cells and N-803 (NCT03899480) for HIV is ongoing 
(Table 1). Along these lines, a recently reported study in macaques 
infected with simian immunodeficiency virus (SIV) found that IL- 
21 and IFN-α treatment during antiretroviral therapy promoted NK 

cell differentiation (NKG2A/ClowCD16+) with potent HLA-E–re-
stricted NK cell responses to SIV peptides that were associated 
with reduced SIV reservoirs (53). 

CAR-modified hematopoietic stem cells differentiate into NK 
cells that are resistant to HIV infection and suppress viral replica-
tion in vitro (54). NK cell products can also be customized to avoid 
the harmful effects of certain HLA/KIR combinations, focusing 
instead on phenotypes and effector functions that are elevated in 
HIV elite controllers and viremic long-term HIV nonprogressors. 
For example, the CD11b+CD57−CD161+Siglec-7+ subpopulation 
of CD56dim CD16+ NK cells is more abundant in elite controllers 
and HIV-negative persons than in viremic noncontrollers, and 
this NK cell subset’s frequency is inversely correlated with HIV 
DNA levels, suggesting a lower viral reservoir (55). 

NK cell infusion products could also be paired with additional 
immunotherapy and are being evaluated in persons with HIV 
(n = 4) in a phase 2 clinical trial studying the effects of haploident-
ical NK cell infusion after stimulation with IL-2 (Table 1). In addi-
tion, given that HIV escapes immune responses by inducing 
immune checkpoint molecules on cytotoxic T lymphocytes and 
NK cells, NK cell treatments could be combined with immune 
checkpoint blockade, as supported by studies of HIV-susceptible 
humanized mice (56–58). More studies are needed to assess the 
safety and efficacy of such NK cell–based therapies for HIV 
control, and NK cell longevity would need to be improved given 
that latent HIV is long lived. 
BK virus 
BK virus is a human polyomavirus that infects up to 90% of people 
(59). In general, BK virus establishes a latent, asymptomatic infec-
tion but can be reactivated in immunocompromised persons, in-
cluding after hematopoietic stem cell transplant or renal 
transplant, leading to BK virus–associated nephropathy. This 
occurs in 5 to 10% of renal transplant recipients, of which 50 to 
80% progress to graft loss (60). Hemorrhagic cystitis due to BK 
virus reactivation is also seen in 10 to 25% of bone marrow trans-
plant recipients. Treatment options are limited to reducing or re-
placing immunosuppressive medications or treating with 
cidofovir (although in a systematic review of 40 studies, rejection 
of a transplanted kidney was not improved by cidofovir treatment) 
(61). 

NK cell responses are relevant to BK virus control (Fig. 2). HLA- 
F, the ligand for the NK cell–expressed activating receptor 
KIR3DS1, is up-regulated on kidney tubular cells of BK virus–in-
fected cultured renal biopsies, and enhanced HLA-F expression in-
creases targeting of infected cells by NK cells expressing KIR3DS1 
(62). Reduced expression of KIR3DS1 correlates with BK virus–as-
sociated nephropathy (63). The NK cell–expressed activating recep-
tor NKG2D may also contribute to the recognition of BK virus– 
infected cells. However, the BK virus produces microRNAs that 
suppress the expression of the stress-induced NKG2D-ligand 
ULBP3, reducing NK cell activation (64). Evidence supporting 
NK cell infusion for BK virus–mediated renal failure comes from 
a clinical trial of NK cell products expanded ex vivo on mem-
brane-bound IL-21–expressing feeder cells. NK cells were trans-
planted into haploidentical patients with high-risk malignancies 
during the peri-hematopoietic stem cell transplant period (days 
−2, +7, and +28 to 90); this was associated with improved NK 
cell numbers and function and a lower rate of disease relapse 
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(17). There were no cases of BK virus cystitis in the treated group 
compared with 31.8% of a matched historical control group (17). 
Human CMV 
Human CMV (HCMV) is a double-stranded DNA herpesvirus type 
5 that infects 60 to 90% of people worldwide. After acute infection, 
HCMV usually remains in various tissues for the lives of most in-
fected persons without causing disease. However, immunocompro-
mised individuals are at higher risk of HCMV reactivation and 
multiorgan disease (65). HCMV is usually treated by reducing im-
munosuppression where possible and with antiviral drugs, such as 
asganciclovir, valganciclovir, letermovir, cidofovir, and foscarnet. 

HCMV infection and reactivation trigger expansion of NKG2C+ 

NK cells (66), and NKG2C+ NK cells have been identified in periph-
eral blood, liver, and lung (3). A higher percentage of these “adap-
tive” NKG2C+ NK cells correlates with a lower risk of HCMV 
disease in transplant patients (67). NKG2C expression, NKG2C+ 

NK cell frequency, HCMV reactivation, and disease risk are 

interlinked (68). NKG2C forms a heterodimer with CD94, and 
this complex recognizes HLA-E, which presents signal peptides 
derived from other HLA-I proteins (69). In HCMV-infected cells, 
HLA-E is also stabilized by peptides encoded by the polymorphic 
HCMV-UL40 region (70), resulting in peptide-specific recognition 
that modulates the differentiation and expansion of NKG2C+ NK 
cells (71). In addition, HLA-E is the ligand for CD94/NKG2A, 
and signaling through the CD94/NKG2A receptor inhibits NK 
cell killing (72). NKG2A is predominantly expressed by immature 
NK cells; however, expanding NKG2C+ NK cells generally have 
down-regulated NKG2A and exhibit a mature, terminally differen-
tiated phenotype (73–75). 

NKG2C allows NK cells to detect and eradicate HCMV-infected 
target cells, but HCMV has evolved strategies to evade NK cell 
killing. HCMV down-regulates major histocompatibility complex 
(MHC) class I molecule expression (76) and modulates the expres-
sion and posttranslational processing of several genes that encode 

Fig. 2. Optimization of NK cell products for treating BK virus, CMV, and HIV infections. An optimal anti–BK virus NK cell product might include NK cells expressing 
chemokine receptors needed for trafficking to the kidneys and expression of KIR3DS1 for recognition of HLA-F on BK virus–infected renal tubular cells. For CMV infection, 
NK cell product optimization would involve manipulation of the NK cell response to HLA-E on infected cells through preferential expression of NKG2C, transfection of an 
NKG2C CAR, or blockade of NKG2A on mature (CD57+) NK cells coexpressing KIR2DL2/DL3. An anti–HIV NK cell product might mimic features of HIV elite controllers, with 
optimization of the types of KIR expressed by NK cells relative to the HLA type at the site of infection to avoid NK cell inhibition by KIR ligation. This NK cell phenotype 
would be CD11b+CD57−CD161+Siglec-7+ with preferential expression of NKG2D and α4β7 integrin. Blockade of KIR3DL1 on NK cells or engineering them to express an 
HIV-targeting CAR may enable the NK cell product to prevent HIV from escaping the immune response. GI, gastrointestinal. 
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ligands for NK cell–activating and inhibitory receptors (77, 78). 
HCMV infection also up-regulates HLA homologs that bind to in-
hibitory KIRs, preventing NK cell–mediated killing of infected cells 
(79). In addition, the HCMV-encoded MHC class I molecular 
mimic, UL18, inhibits NK cells through ligation of the inhibitory 
receptor leukocyte immunoglobulin-like receptor subfamily B 
member 1 (80). The HCMV-encoded gene products UL16, 
UL112, and UL142 down-regulate ligands for the NK cell activating 
receptor NKG2D, and HCMV infection of NK cells may also lead to 
sequestering of the NKG2D ligand in the cytoplasm (78). NKG2C+ 

NK cell infusion products can be engineered to overcome such 
immune evasion strategies and provide a robust therapy for 
HCMV disease, particularly in persons lacking NKG2C genes 
(68). Both NKG2C gene deletion and haploinsufficiency are associ-
ated with greater HCMV reactivation after transplant (68, 81). 

In contrast to chronic HIV infection, chronic HCMV and BK 
virus infections are generally asymptomatic in healthy persons, 
causing disease predominantly in immunocompromised persons. 
It is in immunocompromised individuals where NK cell infusions 
could make up for the lack of effective endogenous cytotoxic 
immune responses (Fig. 2). An infusion of NK cells, expanded 
using membrane-bound IL-21–expressing feeder cells, into haploi-
dentical patients with high-risk malignancies could improve NK cell 
numbers and function and induce a lower rate of HCMV reactiva-
tion. These therapies are also being evaluated in posttransplant 
HCMV viremia (Table 1) (17). Future NK cell infusion products 
could incorporate features of HCMV-associated memory NK cell 
subsets, such as γ chain–deficient adaptive NK cells that exhibit en-
hanced ADCC (82–84). 
Influenza virus 
Influenza viruses are enveloped, single-stranded RNA orthomyxo-
viruses of three types (A, B, and C). Most infections are mild to 
moderate upper airway infections but can progress to severe 
illness (85). Influenza A can be treated with antiviral drugs that 
target the viral neuraminidase, but viral escape mutants often 
emerge during treatment, and the efficacy of these therapies is 
often limited when started late. 

Influenza virus infects respiratory epithelial cells by the binding 
of virus hemagglutinin to sialic acid residues on the epithelial cell 
surface (86). The lung epithelium and tissue-resident innate 
immune cells sense viral RNA through pattern recognition recep-
tors, producing proinflammatory cytokines and chemokines and 
promoting an antiviral state. This response activates and recruits 
immune cells, including NK cells, from the circulation. Activated 
NK cells secrete large amounts of IFN-γ and kill influenza virus–in-
fected cells by perforin and granzyme release (87). B and T cells 
become activated and migrate to the lung, and the NK cell–ex-
pressed CD40 ligand augments influenza virus–specific humoral 
immunity. Influenza virus infection also elicits cross-reactive anti-
bodies to hemagglutinin and neuraminidase, and internal epitopes 
of multiple viral strains promote CD16 (FCγRIII)–dependent NK 
cell–mediated ADCC against infected cells (88). 

NK cell lymphopenia in the peripheral blood of persons with in-
fluenza correlates with severe disease. NK cells make up 10 to 20% of 
lymphocytes in healthy human lung tissue, and most have a 
CD56dimCD16+CD57+NKG2A−KIR++ phenotype (89). Initial 
reports described human lung NK cells as unresponsive to stimula-
tion (90). However, this thinking has been challenged by reports of 
increased NK cell cytotoxicity in both the CD56+ and CD56++ 

subsets from human peripheral blood and lung after influenza 
virus infection (91). Similarly, although it is thought that NK cells 
recruited from the circulation are responsible for IFN-γ production 
in the lung, a small but distinct subset of lung-resident CD56++-

CD16−CD49a+CD103+CD69+ NK cells rapidly degranulate and 
up-regulate granzyme B and IFN-γ upon influenza virus infec-
tion (92). 

Influenza virus–encoded proteins can directly activate NK cell 
antiviral activity. Virus hemagglutinin ligates the NK cell costimu-
latory receptors 2B4 and NTB-A, enhancing NK cell cytotoxicity 
(93). Early studies of lung NK cells suggested that the natural cyto-
toxicity receptors NKp44 and NKp46 bind to hemagglutinin on in-
fluenza virus–infected cells; however, the stimulatory potential of 
NKp46 and its binding to hemagglutinin have been challenged 
(94). Unsurprisingly, influenza virus has evolved NK cell–specific 
immune evasion mechanisms, such as virally encoded neuramini-
dase that removes sialic acid residues from NKp46 expressed on the 
surface of NK cells, thus disrupting recognition of hemagglutinin by 
NK cells (95). In addition, influenza virus infects NK cells directly 
through cell surface–expressed sialic acid residues, thus triggering 
apoptosis (96) and decreasing NK cell numbers (97). Furthermore, 
intact virus and free hemagglutinin protein inhibit NKp30- and 
NKp46-induced cytotoxicity by disrupting ζ chain signaling (98). 

Emerging NK cell–based therapies may be useful for influenza 
virus infections (Fig. 3). First, ADCC is a cytokine-independent 
NK cell–killing mechanism relevant to influenza virus–specific im-
munity that does not rely on the development of neutralizing anti-
bodies. Even nonneutralizing antibodies can elicit ADCC and may 
offer protection against emerging pandemic strains of influenza 
virus (99). Antibodies specific to the influenza virus nuclear 
protein or the ectodomain of the viral ion channel matrix protein 
2 have protective effects in mice and activate human NK cell ADCC 
mechanisms (100, 101). Treatment with NK cell ADCC-activating 
antibodies could complement more conventional influenza thera-
pies by promoting NK cell killing of infected cells and potentially 
could offer protection against pandemic strains. Persons with 
severe influenza could be treated with nonneutralizing cross-reac-
tive antibodies to elicit ADCC, such as antibodies specific to the 
N terminus of the matrix protein 2 proton channel, which is 
highly conserved across all influenza A virus serotypes and is re-
quired for viral entry, replication, and budding (102). A second po-
tential treatment could be the use of bispecific antibody constructs, 
similar to those used in cancer immunotherapy (103), to target in-
fluenza virus–infected cells with NK cell cytotoxicity. Whereas T 
cells are necessary to clear influenza virus, excessive cytotoxic T 
lymphocyte responses can induce immunopathology (87), so the 
use of bispecific linkers targeting NK cell responses to influenza 
virus–infected cells may enable a robust but less immunopathogenic 
response that includes the effector functions of lung-resident 
CD56++CD16−CD49a+CD103+CD69+ NK cells. NK cell products 
could be engineered to target infected cells using CARs. For both 
bispecific agents and CARs, influenza virus–encoded and universal-
ly conserved epitopes could be predeveloped to be deployed in the 
setting of an emerging pandemic. Whether modification of KIR ex-
pression could be used therapeutically remains to be evaluated, al-
though NK cell responses to influenza virus may be serotype- 
specific (104), and both inhibitory and activating KIR receptors 
have been associated with severe disease during the 2009 H1N1 in-
fluenza pandemic (105). It remains unclear whether this correlation 
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results from enhanced NK cell inhibition or greater NK cell–medi-
ated immunopathology, perhaps mediated by NK cells expressing 
both licensing and activating KIRs. 
SARS-CoV-2 
SARS-CoV-2 is the cause of COVID-19 and has become a global 
pandemic, with an estimated 645 million people infected and over 
6.64 million deaths worldwide (as of November 2022). For people 
with severe COVID-19, widespread damage occurs in the lungs 
consistent with a hyperinflammatory state and macrophage activa-
tion syndrome (106). Current treatments for COVID-19 include 
direct-acting antivirals for early infection, like remdesivir, which 
is a nucleoside inhibitor of the viral RNA–dependent RNA poly-
merase. Other treatments include monoclonal antibodies, like casir-
ivimab and imdevimab, and inflammatory modulators for later 
disease stages, like dexamethasone, tocilizumab, and baricitinib 
(107). NK cell products may also have a potential role (Fig. 3). 

Multiple reports note a correlation between COVID-19 severity 
and phenotypic changes in peripheral blood NK cells (108–111). In 
persons with severe COVID-19 in the intensive care unit (ICU) 
compared with non-ICU patients, the absolute numbers of T cells 
and NK cells, but not B cells, are reduced (112, 113). Furthermore, 
the frequency of NKG2A-expressing NK cells in peripheral blood is 
higher in persons with COVID-19 than in healthy controls. In con-
trast, the frequency of CD16-positive NK cells and NK cells express-
ing the effector function molecules CD107a, IFN-γ, IL-2, and TNF- 
α is reduced (114). In addition, a single-cell RNA sequencing anal-
ysis of peripheral blood mononuclear cells from persons with severe 
COVID-19 found an up-regulation of transcripts encoding LAG3 
and HAVCR2 compared with healthy controls (110). Together, 
these changes may indicate an exhausted NK cell phenotype that 
corrects itself upon recovery (115, 116). A role for SARS-CoV-2– 
specific adaptive NK cell–mediated immune responses has not yet 
been explored. However, persons with severe COVID-19 have fewer 

Fig. 3. NK cell products optimized for treating influenza virus or SARS-CoV-2 infections. NK cell products to treat pulmonary infections would express CCR2 for 
trafficking to the lungs. Preferential expression in the NK cell product of the natural cytotoxicity receptors NKp44 and NKp30, the costimulatory receptors 2B4 and NTB-A, 
and CD40 ligand is predicted to enhance the recognition of influenza virus–infected cells and augment ADCC and NK cell degranulation. Tailoring the types of KIRs 
expressed by NK cells or blocking specific KIRs locally to avoid known KIR-HLA combinations associated with severe disease may provide an influenza virus serotype– 
specific benefit. NK cell recognition and lysis of influenza virus–infected cells could be further enhanced by transduction of CARs that recognize conserved viral structures 
into the NK cell product. For an anti–SARS-CoV-2 NK cell treatment, studies suggest the potential benefit of knocking out or blocking putative NK cell exhaustion markers, 
such as TIM-3 or LAG-3. Also potentially beneficial may be overexpression of the activating receptor NKG2C, given that a decrease in NKG2C+ NK cells and deficiency of the 
gene encoding NKG2C (KLRC2) are risk factors for severe COVID-19. HA, hemagglutinin. 

C
RE

D
IT

: A
. F

IS
H

ER
/S

CI
EN

CE
 T

RA
N

SL
AT

IO
N

AL
 M

ED
IC

IN
E 

Smith et al., Sci. Transl. Med. 15, eabl5278 (2023) 4 January 2023                                                                                                                                            7 of 12  

S C I E N C E  T R A N S L AT I O N A L  M E D I C I N E | R E V I E W  
D

ow
nloaded from

 https://w
w

w
.science.org on D

ecem
ber 25, 2024



CD56bright and expanded mature CD57+ FcεRIγneg NK cells than 
those with moderate COVID-19 disease or COVID-19 survivors 
(116). In contrast, a decrease in a distinct adaptive NK cell subset, 
NKG2C+ NK cells, correlates with more severe disease, suggesting 
that adaptive NK cell subsets are not equal in their ability to protect 
humans from severe COVID-19 (117). Similar to other viral infec-
tions, SARS-CoV-2 induces NK cell, monocyte, and dendritic cell 
apoptosis, thus contributing to immune suppression (118). In addi-
tion, the SARS-CoV-2 spike protein induces HLA-E up-regulation, 
which may inhibit NK cell killing by ligating the NK cell–expressed 
inhibitory NKG2A receptor (119). This inhibition can be abrogated 
in vitro with monalizumab, an antibody blocking NKG2A’s inhib-
itory interaction with HLA-E (120). Whether changes observed in 
peripheral blood also occur in the lung remains to be fully explored. 
Single-cell RNA sequencing of bronchoalveolar lavage fluid–resi-
dent immune cells collected from persons with severe COVID-19 
did not find increased NK cell–related transcripts compared with 
healthy controls, but NK cells appeared to be activated (121). 

SARS-CoV-2 infection results in elevated serum concentrations 
of proinflammatory cytokines and chemokines (122), but how this 
increase modulates NK cell phenotypes and functions is currently 
unclear. Concentrations of the proinflammatory cytokine IL-6 in-
versely correlate with the frequency of granzyme A–expressing 
NK cells in patients with COVID-19 admitted to the ICU, and 
IL-6 blockade with tocilizumab restores NK cell cytotoxic activity 
and increases expression of granzyme A and perforin in NK cells 
(112). Other reports suggest that tocilizumab may prevent excessive 
inflammation and production of cytokines and chemokines and 
improve outcomes when given at an early stage of COVID-19 (123). 

NK cell frequencies and their exhausted phenotypes suggest that 
NK cells may not contribute to severe inflammation in COVID-19; 
thus, NK cell immunotherapy may be beneficial (Table 1). One pro-
posed off-the-shelf therapy is based on cryopreserved allogeneic NK 
cells generated from placental hematopoietic stem cells. This 
product, called CYNK-001, results in NK cells expressing the acti-
vating receptors NKG2D, DNAM-1, NKp30, NKp44, and NKp46 
and the effector molecules perforin and granzyme B (clinical trial 
NCT04365101). Another strategy is to use neutralizing single- 
chain variable fragment (scFv)–secreting bispecific NKG2D-ACE2 
(angiotensin-converting enzyme 2) CAR-NK cells derived from 
cord blood, combined with an IL-15 superagonist, to block SARS- 
CoV-2 infection of ACE2-expressing hostcells while up-regulating 
NK cell cytotoxicity; this approach is currently being tested in a clin-
ical trial (NCT04324996). A different approach is the use of expand-
ed NK cells on membrane-bound IL-21–expressing K562 feeder 
cells to generate highly activated CD56bright and CD16bright (i.e., 
“double-bright”) NK cells. These double-bright NK cells lack the 
ACE2 receptor and are not targets for SARS-CoV2 (clinical trial 
NCT04634370). Another strategy is the use of allogeneic NK cell 
infusions generated from COVID-19 survivors as an adoptive 
therapy for lymphopenic persons with severe COVID-19 (clinical 
trial NCT04578210). A different phase 1/2 clinical study for 
severe COVID-19 is using allogeneic peripheral blood mononuclear 
cell–derived NK cell products collected from healthy donors and 
stimulated with IL-2/IL-15 (clinical trial NCT04344548). Another 
option is the use of CAR NK cells expressing the scFv domain of 
the virus spike protein receptor binding domain–specific neutraliz-
ing antibody, called S309. The use of an antibody specific to the 
highly conserved region of the SARS-CoV-2 spike protein increases 

the likelihood that S309-CAR-NK cells may recognize SARS-CoV-2 
variants. In vitro, S309-CAR-NK cells kill target cells expressing 
SARS-CoV-2 spike protein and, compared with the recently pub-
lished CR3022-CAR-NK cells, show superior killing activity and cy-
tokine production (124). Along these lines, monoclonal antibodies 
are being used for early treatment of SARS-CoV-2 infection, and 
some have modifications in Fc domains—e.g., the YTE monoclonal 
antibody (carrying M252Y/S254T/T256E mutations) and the LS 
monoclonal antibody (carrying M428L/N434S mutations)—that 
increase their half-lives but decrease their ability to trigger ADCC 
(125). It is unknown whether such loss of ADCC will affect the ef-
fectiveness of these antibody-based therapies for COVID-19. In ad-
dition, antiviral medications are generally taken after symptom 
onset; therefore, early viral replication and associated mortality 
are not prevented. Thus, NK cell infusions are attractive potential 
treatments for acute viral infections, including lower respiratory 
virus infections, where antiviral therapy may be too slow to affect 
morbidity and mortality. 

CONCLUSIONS 
NK cells mount rapid, robust antiviral immune responses, combin-
ing the killing of infected cells with the secretion of large amounts of 
antiviral cytokines and chemokines and modulation of the adaptive 
immune system. Studies of NK cell responses in chronic and acute 
viral infections have shed light on resistance mechanisms and viral 
evasion strategies and offer therapeutic possibilities for some of our 
most intractable virus infections. Armed with this knowledge, ad-
vances in cell culture technology and genetic engineering may make 
it possible to propagate NK cells armed with new receptors and 
growth factors, redirecting their target specificity and ensuring 
their prolonged persistence in vivo. In addition, there are various 
opportunities for combination therapies such as combining NK 
cell products with antibodies to enhance ADCC. NK cell–based im-
munotherapy may have the potential to affect cancer treatments, 
but this approach has remained underexplored for antiviral 
treatments. 

NK cell therapy may represent a new class of antiviral treatment, 
which is perhaps most promising for incurable viral infections, such 
as HIV and CMV, and persistent viral infections in immunocom-
promised persons, such as SARS-CoV-2 and influenza virus. Ad-
vantages of NK cell–based therapy include new options for 
persons with multidrug-resistant infections or persons who 
cannot tolerate other available therapies. It is also unlikely that 
viral drug resistance, as seen with HIV and influenza virus in re-
sponse to antiviral drugs, will develop with NK cell–based therapies 
(126, 127). Furthermore, off-the-shelf NK cell therapies (128) may 
offer immediate treatment for patients in extremis or those infected 
with new viral pathogens. However, there will be plenty of disadvan-
tages to NK cell therapy. Although small-molecule antiviral therapy 
can be expensive, adoptive NK cell therapy will likely cost more for 
treating most infections and probably will be reserved for second- or 
third-line therapy in conjunction with small-molecule therapy. NK 
cell therapy may be less expensive than comparable CAR-T cell 
therapy (129). Storage of NK cells and infusion will likely be 
more complicated than for other cellular therapies. Several studies 
do suggest that cryopreserved NK cell infusion products can main-
tain their effector functions and therapeutic efficacy (130, 131); 
however, cryopreservation requires further optimization. In 
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addition, to successfully treat chronic virus infections, NK cell per-
sistence will need to be improved, because infused NK cells are not 
thought to persist nearly as long in the recipient person as infused T 
cells do. To this end, key requirements, including costimulatory and 
cytokine signals essential for NK cell persistence, will need to be ex-
amined, and strategies to block the elimination of infused NK cells 
by the recipient allogeneic immune system will have to be devel-
oped. Of course, NK cell therapy remains unproven for any viral 
infection and side effects remain uncharacterized, which will 
require a number of robust clinical trials in the future. Much- 
needed research in this area could help to develop NK cell therapies 
for difficult-to-treat viral diseases. 

REFERENCES AND NOTES   
1. E. M. Mace, J. S. Orange,  Emerging insights into human health and NK cell biology from 

the study of NK cell deficiencies. Immunol. Rev.  287,  202–225 (2019).   

2. E. O. Long, H. S. Kim, D. Liu, M. E. Peterson, S. Rajagopalan,  Controlling natural killer cell 
responses: Integration of signals for activation and inhibition. Annu. Rev. Immunol.  31, 
227–258 (2013).   

3. P. Dogra, C. Rancan, W. Ma, M. Toth, T. Senda, D. J. Carpenter, M. Kubota, R. Matsumoto, 
P. Thapa, P. A. Szabo, M. M. L. Poon, J. Li, J. Arakawa-Hoyt, Y. Shen, L. Fong, L. L. Lanier, 
D. L. Farber,  Tissue determinants of human NK cell development, function, and residence. 
Cell  180,  749–763.e13 (2020).   

4. I. Prager, C. Liesche, H. van Ooijen, D. Urlaub, Q. Verron, N. Sandström, F. Fasbender, 
M. Claus, R. Eils, J. Beaudouin, B. Önfelt, C. Watzl,  NK cells switch from granzyme B to death 
receptor-mediated cytotoxicity during serial killing. J. Exp. Med.  216,  2113–2127 (2019).   

5. R. Romee, S. E. Schneider, J. W. Leong, J. M. Chase, C. R. Keppel, R. P. Sullivan, M. A. Cooper, 
T. A. Fehniger,  Cytokine activation induces human memory-like NK cells. Blood  120, 
4751–4760 (2012).   

6. G. O. Gillard, M. Bivas-Benita, A.-H. Hovav, L. E. Grandpre, M. W. Panas, M. S. Seaman, 
B. F. Haynes, N. L. Letvin,  Thy1+ Nk cells from vaccinia virus-primed mice confer protection 
against vaccinia virus challenge in the absence of adaptive lymphocytes. PLOS Pathog.  7, 
e1002141 (2011).   

7. R. Nikzad, L. S. Angelo, K. Aviles-Padilla, D. T. Le, V. K. Singh, L. Bimler, M. Vukmanovic- 
Stejic, E. Vendrame, T. Ranganath, L. Simpson, N. L. Haigwood, C. A. Blish, A. N. Akbar, 
S. Paust,  Human natural killer cells mediate adaptive immunity to viral antigens. Sci. 
Immunol.  4,  eaat8116 (2019).   

8. S. Paust, H. S. Gill, B.-Z. Wang, M. P. Flynn, E. A. Moseman, B. Senman, M. Szczepanik, 
A. Telenti, P. W. Askenase, R. W. Compans, U. H. von Andrian,  Critical role for the che-
mokine receptor CXCR6 in NK cell-mediated antigen-specific memory of haptens and 
viruses. Nat. Immunol.  11,  1127–1135 (2010).   

9. R. K. Reeves, H. Li, S. Jost, E. Blass, H. Li, J. L. Schafer, V. Varner, C. Manickam, L. Eslamizar, 
M. Altfeld, U. H. von Andrian, D. H. Barouch,  Antigen-specific NK cell memory in rhesus 
macaques. Nat. Immunol.  16,  927–932 (2015).  

10. J. C. Sun, J. N. Beilke, L. L. Lanier,  Adaptive immune features of natural killer cells. Nature 
457,  557–561 (2009).  

11. S. Nagashima, R. Mailliard, Y. Kashii, T. E. Reichert, R. B. Herberman, P. Robbins, 
T. L. Whiteside,  Stable transduction of the interleukin-2 gene into human natural killer cell 
lines and their phenotypic and functional characterization in vitro and in vivo. Blood  91, 
3850–3861 (1998).  

12. F. Komatsu, M. Kajiwara,  Relation of natural killer cell line NK-92-mediated cytolysis (NK- 
92-lysis) with the surface markers of major histocompatibility complex class I antigens, 
adhesion molecules, and Fas of target cells. Oncol. Res.  10,  483–489 (1998).  

13. Y. Yan, P. Steinherz, H. G. Klingemann, D. Dennig, B. H. Childs, J. McGuirk, R. J. O’Reilly, 
Antileukemia activity of a natural killer cell line against human leukemias. Clin. Cancer Res. 
4,  2859–2868 (1998).  

14. B. A. Williams, A. D. Law, B. Routy, N. denHollander, V. Gupta, X.-H. Wang, A. Chaboureau, 
S. Viswanathan, A. Keating,  A phase I trial of NK-92 cells for refractory hematological 
malignancies relapsing after autologous hematopoietic cell transplantation shows safety 
and evidence of efficacy. Oncotarget  8,  89256–89268 (2017).  

15. C. J. Denman, V. V. Senyukov, S. S. Somanchi, P. V. Phatarpekar, L. M. Kopp, J. L. Johnson, 
H. Singh, L. Hurton, S. N. Maiti, M. H. Huls, R. E. Champlin, L. J. N. Cooper, D. A. Lee, 
Membrane-bound IL-21 promotes sustained ex vivo proliferation of human natural killer 
cells. PLOS ONE  7,  e30264 (2012).  

16. J. L. Oyer, V. Pandey, R. Y. Igarashi, S. S. Somanchi, A. Zakari, M. Solh, D. A. Lee, 
D. A. Altomare, A. J. Copik,  Natural killer cells stimulated with PM21 particles expand and 

biodistribute in vivo: Clinical implications for cancer treatment. Cytotherapy  18, 
653–663 (2016).  

17. S. O. Ciurea, J. R. Schafer, R. Bassett, C. J. Denman, K. Cao, D. Willis, G. Rondon, J. Chen, 
D. Soebbing, I. Kaur, A. Gulbis, S. Ahmed, K. Rezvani, E. J. Shpall, D. A. Lee, R. E. Champlin, 
Phase 1 clinical trial using mbIL21 ex vivo-expanded donor-derived NK cells after hap-
loidentical transplantation. Blood  130,  1857–1868 (2017).  

18. L. Silla, V. Valim, A. Pezzi, M. da Silva, I. Wilke, J. Nobrega, A. Vargas, B. Amorin, B. Correa, 
B. Zambonato, F. Scherer, J. Merzoni, L. Sekine, H. Huls, L. J. Cooper, A. Paz, D. A. Lee, 
Adoptive immunotherapy with double-bright (CD56bright /CD16bright) expanded natural 
killer cells in patients with relapsed or refractory acute myeloid leukaemia: A proof-of- 
concept study. Br. J. Haematol.  195,  710–721 (2021).  

19. E. Liu, D. Marin, P. Banerjee, H. A. Macapinlac, P. Thompson, R. Basar, L. N. Kerbauy, 
B. Overman, P. Thall, M. Kaplan, V. Nandivada, I. Kaur, A. N. Cortes, K. Cao, M. Daher, 
C. Hosing, E. N. Cohen, P. Kebriaei, R. Mehta, S. Neelapu, Y. Nieto, M. Wang, W. Wierda, 
M. Keating, R. Champlin, E. J. Shpall, K. Rezvani,  Use of CAR-transduced natural killer cells 
in CD19-positive lymphoid tumors. N. Engl. J. Med.  382,  545–553 (2020).  

20. J. Zeng, S. Y. Tang, L. L. Toh, S. Wang,  Generation of “off-the-shelf” natural killer cells from 
peripheral blood cell-derived induced pluripotent stem cells. Stem Cell Rep.  9, 
1796–1812 (2017).  

21. D. L. Hermanson, L. Bendzick, L. Pribyl, V. M. Cullar, R. I. Vogel, J. S. Miller, M. A. Geller, 
D. S. Kaufman,  Induced pluripotent stem cell-derived natural killer cells for treatment of 
ovarian cancer. Stem Cells  34,  93–101 (2016).  

22. H. Zhu, R. H. Blum, R. Bjordahl, S. Gaidarova, P. Rogers, T. T. Lee, R. Abujarour, G. B. Bonello, 
J. Wu, P.-F. Tsai, J. S. Miller, B. Walcheck, B. Valamehr, D. S. Kaufman,  Pluripotent stem cell- 
derived NK cells with high-affinity noncleavable CD16a mediate improved antitumor 
activity. Blood  135,  399–410 (2020).  

23. J. A. Wagner, M. M. Berrien-Elliott, M. Rosario, J. W. Leong, B. A. Jewell, T. Schappe, S. Abdel- 
Latif, T. A. Fehniger,  Cytokine-induced memory-like differentiation enhances unlicensed 
natural killer cell antileukemia and FcγRIIIa-triggered responses. Biol. Blood Marrow 
Transplant.  23,  398–404 (2017).  

24. J. S. Miller, L. L. Lanier,  Natural killer cells in cancer immunotherapy. Annu. Rev. Cancer Biol. 
3,  77–103 (2019).  

25. S. Somanchi, X. Guo, S. He, R. Mathur,  Development of CD38 CAR engineered human 
placental hematopoietic stem cell derived natural killer cells (PNK-CAR38) as allogeneic 
cancer immunotherapy. Blood  134,  2070 (2019).  

26. WHO, Global HIV & AIDS statistics—2020 fact sheet (2021). www.unaids.org/en/ 
resources/fact-sheet.  

27. G. Alter, M. P. Martin, N. Teigen, W. H. Carr, T. J. Suscovich, A. Schneidewind, H. Streeck, 
M. Waring, A. Meier, C. Brander, J. D. Lifson, T. M. Allen, M. Carrington, M. Altfeld,  Diff-
erential natural killer cell-mediated inhibition of HIV-1 replication based on distinct KIR/ 
HLA subtypes. J. Exp. Med.  204,  3027–3036 (2007).  

28. G. Alter, S. Rihn, K. Walter, A. Nolting, M. Martin, E. S. Rosenberg, J. S. Miller, M. Carrington, 
M. Altfeld,  HLA class I subtype-dependent expansion of KIR3DS1+ and KIR3DL1+ NK cells 
during acute human immunodeficiency virus type 1 infection. J. Virol.  83, 
6798–6805 (2009).  

29. G. Alter, D. Heckerman, A. Schneidewind, L. Fadda, C. M. Kadie, J. M. Carlson, C. Oniangue- 
Ndza, M. Martin, B. Li, S. I. Khakoo, M. Carrington, T. M. Allen, M. Altfeld,  HIV-1 adaptation 
to NK-cell-mediated immune pressure. Nature  476,  96–100 (2011).  

30. S. Boulet, S. Sharafi, N. Simic, J. Bruneau, J.-P. Routy, C. M. Tsoukas, N. F. Bernard,  Increased 
proportion of KIR3DS1 homozygotes in HIV-exposed uninfected individuals. AIDS  22, 
595–599 (2008).  

31. S. Ravet, D. Scott-Algara, E. Bonnet, H. K. Tran, T. Tran, N. Nguyen, L. X. Truong, 
I. Theodorou, F. Barré-Sinoussi, G. Pancino, P. Paul,  Distinctive NK-cell receptor repertoires 
sustain high-level constitutive NK-cell activation in HIV-exposed uninfected individuals. 
Blood  109,  4296–4305 (2007).  

32. W. M. Ballan, B. A. N. Vu, B. R. Long, C. P. Loo, J. Michaëlsson, J. D. Barbour, L. L. Lanier, 
A. A. Wiznia, J. Abadi, G. J. Fennelly, M. G. Rosenberg, D. F. Nixon,  Natural killer cells in 
perinatally HIV-1-infected children exhibit less degranulation compared to HIV-1-exposed 
uninfected children and their expression of KIR2DL3, NKG2C, and NKp46 correlates with 
disease severity. J. Immunol.  179,  3362–3370 (2007).  

33. B. F. Haynes, P. B. Gilbert, M. J. McElrath, S. Zolla-Pazner, G. D. Tomaras, S. M. Alam, 
D. T. Evans, D. C. Montefiori, C. Karnasuta, R. Sutthent, H. X. Liao, A. L. DeVico, G. K. Lewis, 
C. Williams, A. Pinter, Y. Fong, H. Janes, A. DeCamp, Y. Huang, M. Rao, E. Billings, 
N. Karasavvas, M. L. Robb, V. Ngauy, M. S. de Souza, R. Paris, G. Ferrari, R. T. Bailer, 
K. A. Soderberg, C. Andrews, P. W. Berman, N. Frahm, S. C. de Rosa, M. D. Alpert, N. L. Yates, 
X. Shen, R. A. Koup, P. Pitisuttithum, J. Kaewkungwal, S. Nitayaphan, S. Rerks-Ngarm, 
N. L. Michael, J. H. Kim,  Immune-correlates analysis of an HIV-1 vaccine efficacy trial. 
N. Engl. J. Med.  366,  1275–1286 (2012). 

Smith et al., Sci. Transl. Med. 15, eabl5278 (2023) 4 January 2023                                                                                                                                            9 of 12  

S C I E N C E  T R A N S L AT I O N A L  M E D I C I N E | R E V I E W  
D

ow
nloaded from

 https://w
w

w
.science.org on D

ecem
ber 25, 2024

https://www.unaids.org/en/resources/fact-sheet
https://www.unaids.org/en/resources/fact-sheet


34. L. Fadda, G. M. O’Connor, S. Kumar, A. Piechocka-Trocha, C. M. Gardiner, M. Carrington, 
D. W. McVicar, M. Altfeld,  Common HIV-1 peptide variants mediate differential binding of 
KIR3DL1 to HLA-Bw4 molecules. J. Virol.  85,  5970–5974 (2011).  

35. M. P. Martin, X. Gao, J. H. Lee, G. W. Nelson, R. Detels, J. J. Goedert, S. Buchbinder, K. Hoots, 
D. Vlahov, J. Trowsdale, M. Wilson, S. J. O’Brien, M. Carrington,  Epistatic interaction 
between KIR3DS1 and HLA-B delays the progression to AIDS. Nat. Genet.  31, 
429–434 (2002).  

36. M. P. Martin, Y. Qi, X. Gao, E. Yamada, J. N. Martin, F. Pereyra, S. Colombo, E. E. Brown, 
W. L. Shupert, J. Phair, J. J. Goedert, S. Buchbinder, G. D. Kirk, A. Telenti, M. Connors, 
S. J. O’Brien, B. D. Walker, P. Parham, S. G. Deeks, D. W. McVicar, M. Carrington,  Innate 
partnership of HLA-B and KIR3DL1 subtypes against HIV-1. Nat. Genet.  39, 
733–740 (2007).  

37. C. T. Tiemessen, M. Paximadis, G. Minevich, R. Winchester, S. Shalekoff, G. E. Gray, 
G. G. Sherman, A. H. Coovadia, L. Kuhn,  Natural killer cell responses to HIV-1 peptides are 
associated with more activating KIR genes and HLA-C genes of the C1 allotype. J. Acquir. 
Immune Defic. Syndr.  57,  181–189 (2011).  

38. C. Tomescu, F.-M. Duh, R. Hoh, A. Viviani, K. Harvill, M. P. Martin, M. Carrington, S. G. Deeks, 
L. J. Montaner,  Impact of protective killer inhibitory receptor/human leukocyte antigen 
genotypes on natural killer cell and T-cell function in HIV-1-infected controllers. AIDS  26, 
1869–1878 (2012).  

39. Y. Jiang, O. Chen, C. Cui, B. Zhao, X. Han, Z. Zhang, J. Liu, J. Xu, Q. Hu, C. Liao, H. Shang, 
KIR3DS1/L1 and HLA-Bw4-80I are associated with HIV disease progression among HIV 
typical progressors and long-term nonprogressors. BMC Infect. Dis.  13,  405 (2013).  

40. D. Mavilio, G. Lombardo, J. Benjamin, D. Kim, D. Follman, E. Marcenaro, M. A. O’Shea, 
A. Kinter, C. Kovacs, A. Moretta, A. S. Fauci,  Characterization of CD56−/CD16+ natural killer 
(NK) cells: A highly dysfunctional NK subset expanded in HIV-infected viremic individuals. 
Proc. Natl. Acad. Sci. U.S.A.  102,  2886–2891 (2005).  

41. J. Ward, M. Bonaparte, J. Sacks, J. Guterman, M. Fogli, D. Mavilio, E. Barker,  HIV modulates 
the expression of ligands important in triggering natural killer cell cytotoxic responses on 
infected primary T-cell blasts. Blood  110,  1207–1214 (2007).  

42. J. Ward, Z. Davis, J. DeHart, E. Zimmerman, A. Bosque, E. Brunetta, D. Mavilio, V. Planelles, 
E. Barker,  HIV-1 Vpr triggers natural killer cell-mediated lysis of infected cells through 
activation of the ATR-mediated DNA damage response. PLOS Pathog.  5,  e1000613 (2009).  

43. C. Cerboni, F. Neri, N. Casartelli, A. Zingoni, D. Cosman, P. Rossi, A. Santoni, M. Doria, 
Human immunodeficiency virus 1 Nef protein downmodulates the ligands of the acti-
vating receptor NKG2D and inhibits natural killer cell-mediated cytotoxicity. J. Gen. Virol. 
88,  242–250 (2007).  

44. H. Fausther-Bovendo, N. Sol-Foulon, D. Candotti, H. Agut, O. Schwartz, P. Debré, 
V. Vieillard,  HIV escape from natural killer cytotoxicity: Nef inhibits NKp44L expression on 
CD4+ T cells. AIDS  23,  1077–1087 (2009).  

45. A. H. Shah, B. Sowrirajan, Z. B. Davis, J. P. Ward, E. M. Campbell, V. Planelles, E. Barker, 
Degranulation of natural killer cells following interaction with HIV-1-infected cells is 
hindered by downmodulation of NTB-A by Vpu. Cell Host Microbe  8,  397–409 (2010).  

46. M. I. Bonaparte, E. Barker,  Killing of human immunodeficiency virus-infected primary T- 
cell blasts by autologous natural killer cells is dependent on the ability of the virus to alter 
the expression of major histocompatibility complex class I molecules. Blood  104, 
2087–2094 (2004).  

47. O. Schwartz, V. Maréchal, S. Le Gall, F. Lemonnier, J. M. Heard,  Endocytosis of major 
histocompatibility complex class I molecules is induced by the HIV-1 Nef protein. Nat. 
Med.  2,  338–342 (1996).  

48. R. Apps, G. Q. Del Prete, P. Chatterjee, A. Lara, Z. L. Brumme, M. A. Brockman, S. Neil, 
S. Pickering, D. K. Schneider, A. Piechocka-Trocha, B. D. Walker, R. Thomas, G. M. Shaw, 
B. H. Hahn, B. F. Keele, J. D. Lifson, M. Carrington,  HIV-1 Vpu mediates HLA-C downre-
gulation. Cell Host Microbe  19,  686–695 (2016).  

49. C. Garrido, M. Abad-Fernandez, M. Tuyishime, J. J. Pollara, G. Ferrari, N. Soriano-Sarabia, 
D. M. Margolis, Interleukin-15-stimulated natural killer cells clear HIV-1-infected cells 
following latency reversal ex vivo. 92, e00235-18 (2018).  

50. K. Seay, C. Church, J. H. Zheng, K. Deneroff, C. Ochsenbauer, J. C. Kappes, B. Liu, E. K. Jeng, 
H. C. Wong, H. Goldstein,  In vivo activation of human NK cells by treatment with an in-
terleukin-15 superagonist potently inhibits acute in vivo HIV-1 infection in humanized 
mice. J. Virol.  89,  6264–6274 (2015).  

51. D. C. Watson, E. Moysi, A. Valentin, C. Bergamaschi, S. Devasundaram, S. P. Fortis, J. Bear, 
E. Chertova, J. Bess Jr., R. Sowder, D. J. Venzon, C. Deleage, J. D. Estes, J. D. Lifson, 
C. Petrovas, B. K. Felber, G. N. Pavlakis,  Treatment with native heterodimeric IL-15 in-
creases cytotoxic lymphocytes and reduces SHIV RNA in lymph nodes. PLOS Pathog.  142, 
e1006902 (2018).  

52. J. B. McBrien, M. Mavigner, L. Franchitti, S. A. Smith, E. White, G. K. Tharp, H. Walum, 
K. Busman-Sahay, C. R. Aguilera-Sandoval, W. O. Thayer, R. A. Spagnuolo, M. Kovarova, 
A. Wahl, B. Cervasi, D. M. Margolis, T. H. Vanderford, D. G. Carnathan, M. Paiardini, 
J. D. Lifson, J. H. Lee, J. T. Safrit, S. E. Bosinger, J. D. Estes, C. A. Derdeyn, J. V. Garcia, 

D. A. Kulpa, A. Chahroudi, G. Silvestri,  Robust and persistent reactivation of SIV and HIV by 
N-803 and depletion of CD8+ cells. Nature  578,  154–159 (2020).  

53. J. Harper, N. Huot, L. Micci, G. Tharp, C. King, P. Rascle, N. Shenvi, H. Wang, C. Galardi, 
A. A. Upadhyay, F. Villinger, J. Lifson, G. Silvestri, K. Easley, B. Jacquelin, S. Bosinger, 
M. Müller-Trutwin, M. Paiardini,  IL-21 and IFNα therapy rescues terminally differentiated 
NK cells and limits SIV reservoir in ART-treated macaques. Nat. Commun.  12,  2866 (2021).  

54. Z. Ni, D. A. Knorr, L. Bendzick, J. Allred, D. S. Kaufman,  Expression of chimeric receptor 
CD4ζ by natural killer cells derived from human pluripotent stem cells improves in vitro 
activity but does not enhance suppression of HIV infection in vivo. Stem Cells  32, 
1021–1031 (2014).  

55. C. W. Pohlmeyer, V. D. Gonzalez, A. Irrinki, R. N. Ramirez, L. Li, A. Mulato, J. P. Murry, 
A. Arvey, R. Hoh, S. G. Deeks, G. Kukolj, T. Cihlar, S. Pflanz, G. P. Nolan, G. Min-Oo,  Iden-
tification of NK cell subpopulations that differentiate HIV-infected subject cohorts with 
diverse levels of virus control. J. Virol.  93,  e01790-18 (2019).  

56. S. Abeynaike, S. Paust,  Humanized mice for the evaluation of novel HIV-1 therapies. Front. 
Immunol.  12,  636775 (2021).  

57. B. E. Palmer, C. P. Neff, J. Lecureux, A. Ehler, M. Dsouza, L. Remling-Mulder, A. J. Korman, 
A. P. Fontenot, R. Akkina,  In vivo blockade of the PD-1 receptor suppresses HIV-1 viral 
loads and improves CD4+ T cell levels in humanized mice. J. Immunol.  190, 
211–219 (2013).  

58. F. Porichis, M. G. Hart, A. Massa, H. L. Everett, A. Morou, J. Richard, N. Brassard, M. Veillette, 
M. Hassan, N. L. Ly, J. P. Routy, G. J. Freeman, M. Dubé, A. Finzi, D. E. Kaufmann,  Immune 
checkpoint blockade restores HIV-specific CD4 T cell help for NK cells. J. Immunol.  201, 
971–981 (2018).  

59. T. Dalianis, H. H. Hirsch,  Human polyomaviruses in disease and cancer. Virol  437, 
63–72 (2013).  

60. S. Jones, S. Waller, K. Lai, A. Hibbard, P. Trevillian, M. Heer,  Results of a biopsy-based, early 
intervention treatment protocol for BK viraemia and BK Virus-associated nephropathy. 
Am. Transpl. Congress  D230, (2016).  

61. O. Johnston, D. Jaswal, J. S. Gill, S. Doucette, D. A. Fergusson, G. A. Knoll, Treatment of 
polyomavirus infection in kidney transplant recipients: A systematic review. 89, 1057– 
1070 (2010).  

62. T. F. Koyro, E. Kraus, S. Lunemann, A. Hölzemer, S. Wulf, J. Jung, P. Fittje, F. Henseling, 
C. Körner, T. B. Huber, A. Grundhoff, T. Wiech, U. Panzer, N. Fischer, M. Altfeld,  Upregu-
lation of HLA-F expression by BK polyomavirus infection induces immune recognition by 
KIR3DS1-positive natural killer cells. Kidney Int.  99,  1140–1148 (2021).  

63. H. Trydzenskaya, K. Juerchott, N. Lachmann, K. Kotsch, K. Kunert, B. Weist, C. Schönemann, 
R. Schindler, P. Nickel, M. F. Melzig, C. Hugo, O. Thomusch, A. U. Neumann, P. Reinke, 
N. Babel,  The genetic predisposition of natural killer cell to BK virus-associated ne-
phropathy in renal transplant patients. Kidney Int.  84,  359–365 (2013).  

64. Y. Bauman, D. Nachmani, A. Vitenshtein, P. Tsukerman, N. Drayman, N. Stern-Ginossar, 
D. Lankry, R. Gruda, O. Mandelboim,  An identical miRNA of the human JC and BK Polyoma 
viruses targets the stress-induced ligand ULBP3 to escape immune elimination. Cell Host 
Microbe  9,  93–102 (2011).  

65. J. R. Deayton, C. A. Prof Sabin, M. A. Johnson, V. C. Emery, P. Wilson, P. D. Griffiths,  Im-
portance of cytomegalovirus viraemia in risk of disease progression and death in HIV- 
infected patients receiving highly active antiretroviral therapy. Lancet  363, 
2116–2121 (2004).  

66. S. Lopez-Vergès, J. M. Milush, B. S. Schwartz, M. J. Pando, J. Jarjoura, V. A. York, 
J. P. Houchins, S. Miller, S.-M. Kang, P. J. Norris, D. F. Nixon, L. L. Lanier,  Expansion of a 
unique CD57+NKG2Chi natural killer cell subset during acute human cytomegalovirus 
infection. Proc. Natl. Acad. Sci. U.S.A.  108,  14725–14732 (2011).  

67. K. Hadaya, C. de Rham, C. Bandelier, C. Bandelier, S. Ferrari-Lacraz, S. Jendly, T. Berney, 
L. Buhler, L. Kaiser, J. D. Seebach, J. M. Tiercy, P. Y. Martin, J. Villard,  Natural killer cell re-
ceptor repertoire and their ligands, and the risk of CMV infection after kidney trans-
plantation. Am. J. Transplant.  8,  674–683 (2008).  

68. K. Cao, D. Marin, T. Sekine, G. Rondon, W. Zhao, N. T. Smith, M. Daher, Q. Wang, L. Li, 
R. M. Saliba, R. Pingali, U. Popat, C. Hosing, A. Olson, B. Oran, R. Basar, R. S. Mehta, 
R. Champlin, E. J. Shpall, K. Rezvani,  Donor NKG2C copy number: An independent pre-
dictor for CMV reactivation after double cord blood transplantation. Front. Immunol.  9, 
1–5 (2018).  

69. H. Wada, N. Matsumoto, K. Maenaka, K. Suzuki, K. Yamamoto,  The inhibitory NK cell re-
ceptor CD94/NKG2A and the activating receptor CD94/NKG2C bind the top of HLA-E 
through mostly shared but partly distinct sets of HLA-E residues. Eur. J. Immunol.  34, 
81–90 (2004).  

70. H. Vietzen, T. Rückert, S. Hartenberger, C. Honsig, P. Jaksch, S. Geleff, Q. Hammer, 
C. Romagnani, M. Segura-Wang, E. Puchhammer-Stöckl,  Extent of cytomegalovirus rep-
lication in the human host depends on variations of the HLA-E/UL40 Axis. MBio  12, 
e02996-20 (2021). 

Smith et al., Sci. Transl. Med. 15, eabl5278 (2023) 4 January 2023                                                                                                                                          10 of 12  

S C I E N C E  T R A N S L AT I O N A L  M E D I C I N E | R E V I E W  
D

ow
nloaded from

 https://w
w

w
.science.org on D

ecem
ber 25, 2024



71. Q. Hammer, T. Rückert, E. M. Borst, J. Dunst, A. Haubner, P. Durek, F. Heinrich, G. Gasparoni, 
M. Babic, A. Tomic, G. Pietra, M. Nienen, I. W. Blau, J. Hofmann, I.-K. Na, I. Prinz, C. Koenecke, 
P. Hemmati, N. Babel, R. Arnold, J. Walter, K. Thurley, M.-F. Mashreghi, M. Messerle, 
C. Romagnani,  Peptide-specific recognition of human cytomegalovirus strains controls 
adaptive natural killer cells. Nat. Immunol.  19,  453–463 (2018).  

72. S. Lazetic, C. Chang, J. P. Houchins, L. L. Lanier, J. H. Phillips,  Human natural killer cell 
receptors involved in MHC class I recognition are disulfide-linked heterodimers of CD94 
and NKG2 subunits. J. Immunol.  157,  4741–4745 (1996).  

73. V. Béziat, L. L. Liu, J.-A. Malmberg, M. A. Ivarsson, E. Sohlberg, A. T. Björklund, C. Retière, 
E. Sverremark-Ekström, J. Traherne, P. Ljungman, M. Schaffer, D. A. Price, J. Trowsdale, 
J. Michaëlsson, H.-G. Ljunggren, K.-J. Malmberg,  NK cell responses to cytomegalovirus 
infection lead to stable imprints in the human KIR repertoire and involve activating KIRs. 
Blood  121,  2678–2688 (2013).  

74. H. Schlums, F. Cichocki, B. Tesi, J. Theorell, V. Beziat, T. D. Holmes, H. Han, S. C. C. Chiang, 
B. Foley, K. Mattsson, S. Larsson, M. Schaffer, K.-J. Malmberg, H.-G. Ljunggren, J. S. Miller, 
Y. T. Bryceson,  Cytomegalovirus infection drives adaptive epigenetic diversification of NK 
cells with altered signaling and effector function. Immunity  42,  443–456 (2015).  

75. B. Foley, S. Cooley, M. R. Verneris, M. Pitt, J. Curtsinger, X. Luo, S. Lopez-Vergès, L. L. Lanier, 
D. Weisdorf, J. S. Miller,  Cytomegalovirus reactivation after allogeneic transplantation 
promotes a lasting increase in educated NKG2C+ natural killer cells with potent function. 
Blood  119,  2665–2674 (2012).  

76. M López-Botet, A. Angulo, M. Gumá,  Natural killer cell receptors for major histocom-
patibility complex class I and related molecules in cytomegalovirus infection. Tissue An-
tigens  63,  195–203 (2004).  

77. N. J. Bennett, O. Ashiru, F. J. E. Morgan, Y. Pang, G. Okecha, R. A. Eagle, J. Trowsdale, 
J. G. P. Sissons, M. R. Wills,  Intracellular sequestration of the NKG2D ligand ULBP3 by 
human cytomegalovirus. J. Immunol.  185,  1093–1102 (2010).  

78. S. A. Welte, C. Sinzger, S. Z. Lutz, H. Singh-Jasuja, K. L. Sampaio, U. Eknigk, H.- 
G. Rammensee, A. Steinle,  Selective intracellular retention of virally induced NKG2D 
ligands by the human cytomegalovirus UL16 glycoprotein. Eur. J. Immunol.  33, 
194–203 (2003).  

79. V. Prod’homme, C. Griffin, R. J. Aicheler, E. C. Y. Wang, B. P. Mc Sharry, C. R. Rickards, 
R. J. Stanton, L. K. Borysiewicz, M. López-Botet, G. W. G. Wilkinson, P. Tomasec,  The human 
cytomegalovirus MHC class I homolog uL18 inhibits LIR-1+ but activates LIR-1− NK cells. 
J. Immunol.  178,  4473–4481 (2007).  

80. K. Yu, C. L. Davidson, A. Wójtowicz, L. Lisboa, T. Wang, A. M. Airo, J. Villard, J. Buratto, 
T. Sandalova, A. Achour, A. Humar, K. Boggian, A. Cusini, C. van Delden, A. Egli, O. Manuel, 
N. Mueller, P. Y. Bochud; Swiss Transplant Cohort Study, D. N. Burshtyn,  LILRB1 poly-
morphisms influence posttransplant HCMV susceptibility and ligand interactions. J. Clin. 
Invest.  128,  1523–1537 (2018).  

81. M. D. Chiesa, M. Falco, A. Bertaina, L. Muccio, C. Alicata, F. Frassoni, F. Locatelli, L. Moretta, 
A. Moretta,  Human cytomegalovirus infection promotes rapid maturation of NK cells 
expressing activating killer Ig-like receptor in patients transplanted with NKG2C−/− um-
bilical cord blood. J. Immunol.  192,  1471–1479 (2014).  

82. S. V. Shah, C. Manickam, D. R. Ram, K. Kroll, H. Itell, S. R. Permar, D. H. Barouch, N. R. Klatt, 
R. K. Reeves,  CMV primes functional alternative signaling in adaptive Δg NK cells but is 
subverted by lentivirus infection in rhesus macaques. Cell Rep.  25,  2766–2774.e3 (2018).  

83. W. Liu, J. M. Scott, E. Langguth, H. Chang, P. H. Park, S. Kim,  FcRγ gene editing reprograms 
conventional NK cells to display key features of adaptive human NK cells. iScience  23, 
101709 (2020).  

84. J. Lee, T. Zhang, I. Hwang, A. Kim, L. Nitschke, M. J. Kim, J. M. Scott, Y. Kamimura, L. L. Lanier, 
S. Kim,  Epigenetic modification and antibody-dependent expansion of memory-like NK 
cells in human cytomegalovirus-infected individuals. Immunity  42,  431–442 (2015).  

85. Centers for Disease Control and Prevention, Seasonal influenza. www.cdc.gov/flu/about/ 
viruses/index.htm [accessed 25 February 2021].  

86. K. Shinya, M. Ebina, S. Yamada, M. Ono, N. Kasai, Y. Kawaoka,  Influenza virus receptors in 
the human airway. Nature  440,  435–436 (2006).  

87. K. Frank, S. Paust,  Dynamic natural killer cell and T cell responses to influenza infection. 
Front. Cell. Infect. Microbiol.  10,  425 (2020).  

88. S. Jegaskanda, K. Vandenberg, K. L. Laurie, L. Loh, M. Kramski, W. R. Winnall, K. Kedzierska, 
S. Rockman, S. J. Kent,  Cross-reactive influenza-specific antibody-dependent cellular 
cytotoxicity in intravenous immunoglobulin as a potential therapeutic against emerging 
influenza viruses. J Infect Dis  210,  1811–1822 (2014).  

89. N. Marquardt, E. Kekäläinen, P. Chen, E. Kvedaraite, J. N. Wilson, M. A. Ivarsson, J. Mjösberg, 
L. Berglin, J. Säfholm, M. L. Manson, M. Adner, M. Al-Ameri, P. Bergman, A.-C. Orre, 
M. Svensson, B. Dahlén, S.-E. Dahlén, H.-G. Ljunggren, J. Michaëlsson,  Human lung natural 
killer cells are predominantly comprised of highly differentiated hypofunctional CD69−-

CD56dim cells. J. Allerg. Clin. Immunol.  139,  1321–1330.e4 (2017).  

90. B. W. Robinson, P. Pinkston, R. G. Crystal,  Natural killer cells are present in the normal 
human lung but are functionally impotent. J. Clin. Investig.  74,  942–950 (1984).  

91. M. Scharenberg, S. Vangeti, E. Kekäläinen, P. Bergman, M. al-Ameri, N. Johansson, 
K. Sondén, S. Falck-Jones, A. Färnert, H. G. Ljunggren, J. Michaëlsson, A. Smed-Sörensen, 
N. Marquardt,  Influenza a virus infection induces hyperresponsiveness in human lung 
tissue-resident and peripheral blood NK cells. Front. Immunol.  10,  1116 (2019).  

92. G. E. Cooper, K. Ostridge, S. I. Khakoo, T. M. A. Wilkinson, K. J. Staples,  Human CD49a+ lung 
natural killer cell cytotoxicity in response to influenza a virus. Front. Immunol.  9, 
1671 (2018).  

93. A. Duev-Cohen, Y. Bar-On, A. Glasner, O. Berhani, Y. Ophir, F. Levi-Schaffer, 
M. Mandelboim, O. Mandelboim,  The human 2B4 and NTB-A receptors bind the influenza 
viral hemagglutinin and co-stimulate NK cell cytotoxicity. Oncotarget  7, 
13093–13105 (2016).  

94. E. Narni-Mancinelli, B. N. Jaeger, C. Bernat, A. Fenis, S. Kung, A. de Gassart, S. Mahmood, 
M. Gut, S. C. Heath, J. Estellé, E. Bertosio, F. Vely, L. N. Gastinel, B. Beutler, B. Malissen, 
M. Malissen, I. G. Gut, E. Vivier, S. Ugolini,  Tuning of natural killer cell reactivity by NKp46 
and helios calibrates T cell responses. Science  335,  344–348 (2012).  

95. Y. Bar-On, A. Glasner, T. Meningher, H. Achdout, C. Gur, D. Lankry, A. Vitenshtein, 
A. F. A. Meyers, M. Mandelboim, O. Mandelboim,  Neuraminidase-mediated, NKp46-de-
pendent immune-evasion mechanism of influenza viruses. Cell Rep.  3,  1044–1050 (2013).  

96. H. Mao, W. Tu, G. Qin, H. K. W. Law, S. F. Sia, P. L. Chan, Y. Liu, K. T. Lam, J. Zheng, M. Peiris, 
Y. L. Lau,  Influenza virus directly infects human natural killer cells and induces cell apo-
ptosis. J. Virol.  83,  9215–9222 (2009).  

97. M. L. Heltzer, S. E. Coffin, K. Maurer, A. Bagashev, Z. Zhang, J. S. Orange, K. E. Sullivan, 
Immune dysregulation in severe influenza. J. Leukoc. Biol.  85,  1036–1043 (2009).  

98. H. Mao, W. Tu, Y. Liu, G. Qin, J. Zheng, P.-L. Chan, K.-T. Lam, J. S. M. Peiris, Y.-L. Lau,  Inhi-
bition of human natural killer cell activity by influenza virus and hemagglutinin. J. Virol. 
84,  4148–4157 (2010).  

99. S. A. Valkenburg, V. J. Fang, N. H. Leung, D. K. Chu, D. K. Ip, R. A. Perera, Y. Wang, A. P. Li, 
J. M. Peiris, B. J. Cowling, L. L. Poon,  Cross-reactive antibody-dependent cellular cyto-
toxicity antibodies are increased by recent infection in a household study of influenza 
transmission. Clin. Transl. Immunol.  8,  e1092 (2019). 

100. D. M. Carragher, D. A. Kaminski, A. Moquin, L. Hartson, T. D. Randall,  A novel role for non- 
neutralizing antibodies against nucleoprotein in facilitating resistance to influenza virus. 
J. Immunol.  181,  4168–4176 (2008). 

101. V. R. Simhadri, M. Dimitrova, J. L. Mariano, O. Zenarruzabeitia, W. Zhong, T. Ozawa, 
A. Muraguchi, H. Kishi, M. C. Eichelberger, F. Borrego,  A human anti-M2 antibody medi-
ates antibody-dependent cell-mediated cytotoxicity (ADCC) and cytokine secretion by 
resting and cytokine-preactivated natural killer (NK) cells. PLOS ONE  10,  e0124677 (2015). 

102. L. Bimler, S. L. Ronzulli, A. Y. Song, S. K. Johnson, C. A. Jones, T. Kim, D. T. Le, S. M. Tompkins, 
S. Paust,  Matrix protein 2 extracellular domain-specific monoclonal antibodies are an 
effective and potentially universal treatment for influenza A. J. Virol.  95, 
e01027–20 (2020). 

103. D. A. Vallera, M. Felices, R. McElmurry, V. McCullar, X. Zhou, J. U. Schmohl, B. Zhang, 
A. J. Lenvik, A. Panoskaltsis-Mortari, M. R. Verneris, J. Tolar, S. Cooley, D. J. Weisdorf, 
B. R. Blazar, J. S. Miller,  IL15 trispecific killer engagers (TriKE) make natural killer cells 
specific to CD33+ targets while also inducing persistence, in vivo expansion, and en-
hanced function. Clin. Cancer Res.  22,  3440–3450 (2016). 

104. L. M. Kronstad, C. Seiler, R. Vergara, S. P. Holmes, C. A. Blish,  Differential induction of IFN-α 
and modulation of CD112 and CD54 expression govern the magnitude of NK cell IFN-γ 
response to influenza a viruses. J. Immunol.  201,  2117–2131 (2018). 

105. S. Aranda-Romo, C. A. Garcia-Sepulveda, A. Comas-García, F. Lovato-Salas, M. Salgado- 
Bustamante, A. Gómez-Gómez, D. E. Noyola,  Killer-cell immunoglobulin-like receptors 
(KIR) in severe A (H1N1) 2009 influenza infections. Immunogenetics  64,  653–662 (2012). 

106. P. Mehta, D. McAuley, M. Brown, E. Sanchez, R. S. Tattersall, J. J. Manson; HLH Across 
Speciality Collaboration, UK,  COVID-19: Consider cytokine storm syndromes and immu-
nosuppression. Lancet  395,  1033–1034 (2020). 

107. M. S. Cohen, D. A. Wohl, W. A. Fischer, D. M. Smith, J. J. Eron,  Outpatient treatment of 
severe acute respiratory syndrome coronavirus 2 infection to prevent coronavirus disease 
2019 progression. Clin. Infect. Dis.  73,  1717–1721 (2021). 

108. G. Chen, D. Wu, W. Guo, Y. Cao, D. Huang, H. Wang, T. Wang, X. Zhang, H. Chen, H. Yu, 
X. Zhang, M. Zhang, S. Wu, J. Song, T. Chen, M. Han, S. Li, X. Luo, J. Zhao, Q. Ning,  Clinical 
and immunological features of severe and moderate coronavirus disease 2019. J. Clin. 
Invest.  130,  2620–2629 (2020). 

109. W. Wen, W. Su, H. Tang, W. Le, X. Zhang, Y. Zheng, X. Liu, L. Xie, J. Li, J. Ye, L. Dong, X. Cui, 
Y. Miao, D. Wang, J. Dong, C. Xiao, W. Chen, H. Wang,  Immune cell profiling of COVID-19 
patients in the recovery stage by single-cell sequencing. Cell Discov.  6,  31 (2020). 

110. A. J. Wilk, A. Rustagi, N. Q. Zhao, J. Roque, G. J. Martínez-Colón, J. L. McKechnie, G. T. Ivison, 
T. Ranganath, R. Vergara, T. Hollis, L. J. Simpson, P. Grant, A. Subramanian, A. J. Rogers, 
C. A. Blish,  A single-cell atlas of the peripheral immune response in patients with severe 
COVID-19. Nat. Med.  26,  1070–1076 (2020). 

Smith et al., Sci. Transl. Med. 15, eabl5278 (2023) 4 January 2023                                                                                                                                          11 of 12  

S C I E N C E  T R A N S L AT I O N A L  M E D I C I N E | R E V I E W  
D

ow
nloaded from

 https://w
w

w
.science.org on D

ecem
ber 25, 2024

https://www.cdc.gov/flu/about/viruses/index.htm
https://www.cdc.gov/flu/about/viruses/index.htm


111. E. J. Giamarellos-Bourboulis, M. G. Netea, N. Rovina, K. Akinosoglou, A. Antoniadou, 
N. Antonakos, G. Damoraki, T. Gkavogianni, M.-E. Adami, P. Katsaounou, M. Ntaganou, 
M. Kyriakopoulou, G. Dimopoulos, I. Koutsodimitropoulos, D. Velissaris, P. Koufargyris, 
A. Karageorgos, K. Katrini, V. Lekakis, M. Lupse, A. Kotsaki, G. Renieris, D. Theodoulou, 
V. Panou, E. Koukaki, N. Koulouris, C. Gogos, A. Koutsoukou,  Complex immune dysre-
gulation in COVID-19 patients with severe respiratory failure. Cell Host Microbe  27, 
992–1000.e3 (2020). 

112. A. Mazzoni, L. Salvati, L. Maggi, M. Capone, A. Vanni, M. Spinicci, J. Mencarini, R. Caporale, 
B. Peruzzi, A. Antonelli, M. Trotta, L. Zammarchi, L. Ciani, L. Gori, C. Lazzeri, A. Matucci, 
A. Vultaggio, O. Rossi, F. Almerigogna, P. Parronchi, P. Fontanari, F. Lavorini, A. Peris, 
G. M. Rossolini, A. Bartoloni, S. Romagnani, F. Liotta, F. Annunziato, L. Cosmi,  Impaired 
immune cell cytotoxicity in severe COVID-19 is IL 6 dependent. J. Clin. Invest.  130, 
4694–4703 (2020). 

113. C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu, Z. Cheng, T. Yu, 
J. Xia, Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y. Xiao, H. Gao, L. Guo, J. Xie, G. Wang, 
R. Jiang, Z. Gao, Q. Jin, J. Wang, B. Cao,  Clinical features of patients infected with 2019 
novel coronavirus in Wuhan, China. Lancet  395,  497–506 (2020). 

114. M. Zheng, Y. Gao, G. Wang, G. Song, S. Liu, D. Sun, Y. Xu, Z. Tian,  Functional exhaustion of 
antiviral lymphocytes in COVID-19 patients. Cell. Mol. Immunol.  17,  533–535 (2020). 

115. L. Kuri-Cervantes, M. B. Pampena, W. Meng, A. M. Rosenfeld, C. A. G. Ittner, A. R. Weisman, 
R. S. Agyekum, D. Mathew, A. E. Baxter, L. A. Vella, O. Kuthuru, S. A. Apostolidis, L. Bershaw, 
J. Dougherty, A. R. Greenplate, A. Pattekar, J. Kim, N. Han, S. Gouma, M. E. Weirick, 
C. P. Arevalo, M. J. Bolton, E. C. Goodwin, E. M. Anderson, S. E. Hensley, T. K. Jones, 
N. S. Mangalmurti, E. T. L. Prak, E. J. Wherry, N. J. Meyer, M. R. Betts,  Comprehensive 
mapping of immune perturbations associated with severe COVID-19. Sci. Immunol.  5, 
eabd7114 (2020). 

116. C. Maucourant, I. Filipovic, A. Ponzetta, S. Aleman, M. Cornillet, L. Hertwig, B. Strunz, 
A. Lentini, B. Reinius, D. Brownlie, A. Cuapio, E. H. Ask, R. M. Hull, A. Haroun-Izquierdo, 
M. Schaffer, J. Klingström, E. Folkesson, M. Buggert, J. K. Sandberg, L. I. Eriksson, 
O. Rooyackers, H.-G. Ljunggren, K.-J. Malmberg, J. Michaëlsson, N. Marquardt, Q. Hammer, 
K. Strålin, N. K. Björkström; Karolinska COVID-19 Study Group,  Natural killer cell immu-
notypes related to COVID-19 disease severity. Sci. Immunol.  5,  eadb6832 (2020). 

117. H. Vietzen, A. Zoufaly, M. Traugott, J. Aberle, S. W. Aberle, E. Puchhammer-Stöckl,  Deletion 
of the NKG2C receptor encoding KLRC2 gene and HLA-E variants are risk factors for severe 
COVID-19. Genet. Med.  23,  1–5 (2021). 

118. Y. Xiong, Y. Liu, L. Cao, D. Wang, M. Guo, A. Jiang, D. Guo, W. Hu, J. Yang, Z. Tang, H. Wu, 
Y. Lin, M. Zhang, Q. Zhang, M. Shi, Y. Liu, Y. Zhou, K. Lan, Y. Chen,  Transcriptomic char-
acteristics of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in 
COVID-19 patients. Emerg. Microbes Infect.  1,  761–770 (2020). 

119. J. Zheng, Y. Wang, K. Li, D. K. Meyerholz, C. Allamargot, S. Perlman,  Severe acute respi-
ratory syndrome coronavirus 2-induced immune activation and death of monocyte- 
derived human macrophages and dendritic cells. J Infect Dis  223,  785–795 (2020). 

120. O. Demaria, J. Carvelli, L. Batista, M.-L. Thibult, A. Morel, P. André, Y. Morel, F. Vély, E. Vivier, 
Identification of druggable inhibitory immune checkpoints on natural killer cells in 
COVID-19. Cell Molec. Immunol.  17,  995–997 (2020). 

121. Z. Zhou, L. Ren, L. Zhang, J. Zhong, Y. Xiao, Z. Jia, L. Guo, J. Yang, C. Wang, S. Jiang, D. Yang, 
G. Zhang, H. Li, F. Chen, Y. Xu, M. Chen, Z. Gao, J. Yang, J. Dong, B. Liu, X. Zhang, W. Wang, 

K. He, Q. Jin, M. Li, J. Wang,  Heightened innate immune response in the respiratory tract of 
COVID-19 patients. Cell Host Microbe  27,  883–890.e2 (2020). 

122. V. J. Costela-Ruiz, R. Illescas-Montes, J. M. Puerta-Puerta, C. Ruiz, L. Melguizo-Rodríguez, 
SARS-CoV-2 infection: The role of cytokines in COVID-19 disease. Cytok. Growth Factor Rev. 
54,  62–75 (2020). 

123. L. Guillén, S. Padilla, M. Fernández, V. Agulló, J. A. García, G. Telenti, J. García-Abellán, 
Á. Botella, F. Gutiérrez, M. Masiá,  Preemptive interleukin-6 blockade in patients with 
COVID-19. Sci. Rep.  10,  16826 (2020). 

124. M. Ma, S. Badeti, C.-H. Chen, A. Pinter, Q. Jiang, L. Shi, R. Zhou, H. Xu, Q. Li, W. Gause, D. Liu, 
CAR-NK cells effectively target the D614 and G614 SARS-CoV-2 infected cells. bioRxiv 
2021.01.14.426742 (2021). https://doi.org/10.1101/2021.01.14.426742. 

125. X. Wang, M. Mathieu, R. J. Brezski,  IgG Fc engineering to modulate antibody effector 
functions. Protein Cell  9,  63–73 (2018). 

126. R. K. Gupta, J. Gregson, N. Parkin, H. Haile-Selassie, A. Tanuri, L. A. Forero, P. Kaleebu, 
C. Watera, A. Aghokeng, N. Mutenda, J. Dzangare, S. Hone, Z. Z. Hang, J. Garcia, Z. Garcia, 
P. Marchorro, E. Beteta, A. Giron, R. Hamers, S. Inzaule, L. M. Frenkel, M. H. Chung, T. de 
Oliveira, D. Pillay, K. Naidoo, A. Kharsany, R. Kugathasan, T. Cutino, G. Hunt, S. A. Rios, 
M. Doherty, M. R. Jordan, S. Bertagnolio,  HIV-1 drug resistance before initiation or re- 
initiation of first-line antiretroviral therapy in low-income and middle-income countries: A 
systematic review and meta-regression analysis. Lancet Infect. Dis.  18,  346–355 (2018). 

127. E. C. Holmes, A. C. Hurt, Z. Dobbie, B. Clinch, J. S. Oxford, P. A. Piedra,  Understanding the 
impact of resistance to influenza antivirals. Clin. Microbiol. Rev.  34,  e00224-20 (2021). 

128. R. Basar, M. Daher, K. Rezvani,  Next-generation cell therapies: The emerging role of CAR- 
NK cells. Blood Adv.  4,  5868–5876 (2020). 

129. H. Klingemann, L. Boissel, F. Toneguzzo,  Natural killer cells for immunotherapy—Ad-
vantages of the NK-92 cell line over blood NK cells. Front. Immunol.  7,  91 (2016). 

130. J. L. Oyer, T. J. Croom-Perez, T. A. Dieffenthaller, L. D. Robles-Carillo, S. B. Gitto, 
D. A. Altomare, A. J. Copik,  Cryopreserved PM21-particle-expanded natural killer cells 
maintain cytotoxicity and effector functions in vitro and in vivo. Front. Immunol.  13, 
861681 (2022). 

131. U. Reusch, K. Ellwanger, I. Fucek, T. Müller, U. Schniegler-Mattox, J. Koch, M. Tesar, 
Cryopreservation of natural killer cells pre-complexed with innate cell engagers. Anti-
bodies (Basel)  11,  12 (2022). 

Acknowledgments: We thank M. Weaver from Pearl Productions for providing medical writing 
services. B.T. designed the figures in BioRender. Competing interests: S.P., B.T., and D.M.S. are 
consultants for Kiadis Pharma. L.W. and J.R.S. are employees of Kiadis Pharma. B.T. has received 
licensing payments from Kiadis Pharma for patent no. US2021/021928 on the subject of NK cells 
and uses thereof for microbial infections.  

Submitted 19 July 2021 
Accepted 9 July 2022 
Published 4 January 2023 
10.1126/scitranslmed.abl5278 

Smith et al., Sci. Transl. Med. 15, eabl5278 (2023) 4 January 2023                                                                                                                                          12 of 12  

S C I E N C E  T R A N S L AT I O N A L  M E D I C I N E | R E V I E W  
D

ow
nloaded from

 https://w
w

w
.science.org on D

ecem
ber 25, 2024

https://doi.org/10.1101/2021.01.14.426742

	INTRODUCTION
	Adoptive NK cell immunotherapy
	NK cell–based therapies for viral infections
	Human immunodeficiency virus
	BK virus
	Human CMV
	Influenza virus
	SARS-CoV-2


	CONCLUSIONS
	REFERENCES AND NOTES
	Acknowledgments

