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Abstract

Natural killer (NK) cells are innate immune lymphocytes with a key role in host defense against 

HIV infection. Recent advances in chimeric antigen receptors (CARs) have made NK cells a prime 

target for expressing recombinant receptors capable of redirecting NK cytotoxic functions towards 

HIV-infected cells. In this review, we discuss the role of NK cells in HIV and the mechanisms of 

actions of HIV-targeting CAR strategies. Furthermore, we also review NK cells signal transduction 

and its application to CAR NK cell strategies to develop new combinations of CAR intracellular 

domains and to improve CAR NK signaling and cytotoxic functions.

Introduction

NK cells are lymphocytes that provide an early innate defense against intracellular 

pathogens and malignant cells. Generally, NK cells specialize in the recognition and rapid 

lysis of ‘abnormal cells’, such as cells that have been infected by viruses. NK cells, such as 

B and T cells, differentiate from common lymphoid progenitors in the bone marrow. 

However, they do not require recombination of the B cell receptor (BCR) and T cell receptor 

(TCR) because NK cells do not rely on unique antigen receptors. Instead, they rely on a 

balance between activating and inhibitory receptors to induce signal transduction and 
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promote the cytotoxic functions that kill target cells. Once mature, NK cells circulate in the 

blood and tissues while surveying for infected or malignant cells. Although NK cells are 

formidable players in the immune response against viruses, genetically modifying NK cells 

to express CARs could improve NK cell targeting of infected and malignant cells. In this 

review, we discuss the role of NK cells during HIV infection, and evaluate how studies 

focusing on NK cell signal transduction can be utilized to develop novel CAR strategies 

against HIV. Thus, we also review CAR strategies against HIV and current CAR NK 

strategies, and compare T cell and NK cell intracellular signaling.

Natural killer cells in HIV pathogenesis

In healthy individuals, NK cells constitute 5–20% of all human peripheral blood 

mononuclear cells (PBMCs) and can be categorized as either CD56dim CD16+ (the 

predominant phenotype) or CD56bright CD16neg/dim [1]. During the early stages of viral 

infection, infected cells release type 1 interferons (IFNs) and other cytokines to recruit NK 

cells to the site of infection [2]. NK cells are then ‘primed’ by interacting with dendritic cells 

(DCs), interleukin (IL-12), IL-15, and IL-18 [3]. Although primed NK cells are able to 

secrete IFN-γ, they are not able to kill until their inhibitory receptors are disengaged and 

their activating receptors are stimulated. This ‘balance’ between activators and inhibitors has 

prompted the paradigm that NK cells cannot trigger cytotoxic functions against healthy cells 

because they express major histocompatibility complex class I (MHC I). The presence MHC 

I on the cell surface can engage inhibitory killer immunoglobulin (Ig)-like receptors (KIR) 

on NK cells and promote the transmission of inhibitory signals that block NK cell 

cytotoxicity [4]. The ability of NK cells to target cells not expressing MHC I is 

complemented by the ability of viral-specific CD8+ cytotoxic lymphocytes (CTL) to target 

cells expressing viral antigens presented by MHC I. For example, through the expression of 

the viral nef gene, HIV-infected cells are able to downregulate MHC I and avoid CTL 

surveillance [5]. However, by doing so, infected cells become inherently susceptible to 

killing by NK cells. Hence, this cooperation between NK cells and CTL ensures that viral 

pathogens are always targeted by cytotoxic cells [6].

Once NK cells are at the site of infection, activating receptors are engaged, and inhibitory 

receptors are unbound, NK cells can use multiple strategies to fight HIV-infected cells. 

CD56dim/CD16+ NK cells can kill target cells by releasing lysozymes and cytotoxic 

granules, such as perforin and granzymes [7]. Perforin is a pore-forming molecule that 

permeabilizes the membrane and allows granzymes to penetrate the cell, resulting in 

activation of apoptotic pathways and cell lysis [8]. NK cells can also dispose of target cells 

by using ‘death ligands’, such as FasL and tumor-necrosis factor-related apoptosis-inducing 

ligand (TRAIL), to activate receptors on the target cell and induce apoptosis [9]. 

Furthermore, some NK cells have the ability to specifically lyse target cells coated with 

antibodies through the process of antibody-dependent cellular cytotoxicity (ADCC). IgG 

antibodies bound to a target cell have their Fc region exposed and available to interact with 

Fc receptors, such as CD32 and CD16, on NK cells. Upon receptor activation, NK cells 

degranulate and release cytotoxic granules against the antibody-coated cell [10,11]. 

Additionally, NK cells expressing high levels of CD56 and low levels of CD16 have the 

ability to secrete cytokines, such as tumor necrosis factor (TNF)- and IFN-γ. Production of 
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IFN-γ and TNF- enhances the recruitment of Th1 CD4+ T helper cells and macrophages to 

the site of infection to promote inflammation and the phagocytosis of infected cells and to 

control the infection locally [12].

There are many lines of evidence suggesting that NK cells have a crucial role in HIV 

pathogenesis. For instance, nonhuman primate (NHP) studies have shown that early 

depletion of NK cells leads to an exponential increase in viral loads during the chronic phase 

of SIV infection [13]. Furthermore, individuals with slow AIDS progression and individuals 

protected from seroconversion after multiple exposure to the virus have an effective NK cell 

population against HIV [14,15]. In addition, Elemans and colleagues showed that NK cells 

can impose selective pressure on HIV-1 variants, suggesting that NK cells are so effective 

against the virus that they can induce selection of different mutants [16]. Moreover, because 

NK cells rely on various germline-encoded receptors that lack the high specificity of TCRs 

and BCRs, it might be that NK cell receptors are less susceptible to HIV immune-evading 

mutations because they target different aspects of the viral life cycle.

The role of NK cells in HIV progression has become more apparent with recent studies 

suggesting that the expression and stimulation of certain NK cell receptors provides better 

clinical outcomes during HIV infection. For example, large epidemiological studies showed 

that activating receptor KIR3DS1 and inhibitory receptor KIR3DL1 bind to different alleles 

of MHC I HLA-B Bw4 that are renowned for their ability to present immunodominant HIV 

peptides and result in immune responses capable of providing protection against HIV 

[17,18]. Interestingly, whereas KIR3DS1 is an activating receptor that is likely to mediate 

direct killing of HIV-infected cells by binding HLA-B Bw4, inhibitory receptor KIR3DL1 

also enhances protection against disease progression by providing inhibitory signals during 

NK cell resting states, which results in a more pronounced NK cell response when the 

inhibition is abrogated during infection [19,20].

However, several studies have also suggested that HIV infection promotes the dysregulation 

of NK cells, which results in their inability to help mount a proper immune response against 

the virus [21]. For instance, investigators observed an early depletion of cytokine-secreting 

CD56bright CD16 neg/dim NK cells followed by a reduction in cytotoxic CD56dim CD16+ 

NK cells during the chronic phase of HIV-1 infection [1,22]. This loss of ‘classical’ NK cell 

phenotypes is predominantly because of the expansion of a pathological NK cell population, 

termed CD56neg NK cells, which is rarely observed in uninfected individuals [23]. In vitro 
experiments demonstrated that CD56neg NK cells have limited cytokine-secreting abilities 

and dramatically reduced cytotoxic functions against K562 erythroleukemia cells compared 

with CD56+ NK cells isolated from the same HIV donor. Further analysis showed that 

CD56neg NK cells have higher expression of inhibitory receptors than other NK cell 

subtypes despite maintaining the same proliferative capacities [23]. Transcriptomic analysis 

also suggests that these cells have lower expression of genes involved in cytotoxic and 

cytokine-secreting functions [24]. Therefore, the loss of functional NK cells during HIV 

infection could explain how HIV evades NK cell antiviral response (Fig. 1). However, 

functional NK cell phenotypes can partially be recovered with antiretroviral therapy (ART) 

[25].
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In addition to dysregulating NK cells, HIV has evolved different strategies to inhibit NK cell 

activity during pathogenesis. For instance, infected CD4+ T cells downregulate MIC-A, a 

ligand required for the NKG2D-activating receptor, and cause defective NKG2D-dependent 

cytotoxic functions [26]. Additionally, aberrant secretion of regulatory cytokines during 

pathogenesis affects the proper maturation of DCs and leads to dysfunctional cytokine 

secretions required for NK cell activation and priming [27]. However, these blocks in NK 

function can be overcome by providing NK cells with additional activating signals, perhaps 

mediated through a CAR receptor.

CARs for HIV therapy

Advancements in gene therapy have opened the door to genetically modifying NK cells with 

recombinant receptors capable of activating cells by mimicking the canonical stimulation 

through germline receptors and cytokines. For immunotherapy against HIV, CARs 

expressing a CD4 extracellular domain have been linked to different intracellular molecules 

to redirect cell activation and immunological functions against almost all HIV isolates. 

These CARs are able to promote NK cell functions against infected cells while 

circumventing the best attempt of the virus at immune evasion [28].

CAR T cells in HIV

CARs are recombinant fusion proteins that were first designed to mimic T cell receptor 

signaling by linking an extracellular antigen recognition domain to an intracellular TCRζ 
chain. The idea was to redirect T cell functions against a specific ligand or target cell, while 

bypassing canonical MHC presentation and restrictions on T cell activation [29]. In HIV 

immunotherapy, it was first thought that combining a CD4 extracellular domain to the TCRζ 
intracellular domain would induce T cell activation upon binding to HIV glycoproteins on 

the surface of infected cells. Yang and collaborators demonstrated that CD4-TCRζ CAR-

transduced T cells were able to bind and induce lysis of GP120-expressing cell lines just as 

effectively as naturally occurring HIV-1-specific CTL clones. These CAR T cells were also 

able to inhibit viral replication in HIV-infected cells, suggesting that they had the ability to 

kill infected cells early during virion production in vitro [30]. However, clinical trials using 

CD4-TCRζ CAR T cells failed to stop HIV replication. In the first Phase I clinical trial, 

syngeneic T cells obtained from healthy discordant twins were genetically engineered with 

CD4-TCRζ CAR and administered to their twin with HIV, but the results showed no 

significant change in HIV viremia [31]. This lack of clinical success was repeated in a Phase 

II trial where 24 patients with HIV were randomly assigned to receive CD4-TCRζ CAR T 

cells, but the treatment failed to induce changes in HIV RNA or proviral DNA loads [32,33]. 

Overall, CD4-TCRζ CARs were safe to use in patients with HIV and were detectable by 

PCR 10 years post infusion, but failed to promote any clinical benefit [34].

Many have debated that the lack of CD4-TCRζ CAR efficacy in vivo could be explained by 

the fact that T cells naturally require at least two signals to fully activate their proliferative 

abilities and immunological functions. Canonical T cell activation and clonal expansion 

requires signaling through the TCRζ chain to be complemented by signaling through 

costimulatory receptors, such as CD28, a molecule activated by binding to CD80/CD86 
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during antigen presentation [35]. Second-generation CARs were made by linking 

intracellular domains from CD28, or other costimulators, in tandem to TCRζ chains. 

Overall, second-generation CARs promoted better T cell activation, clonal expansion, 

cytokine production, and cytotoxic functions compared with CD4-TCRζ CARs [36]. 

Furthermore, different T cell responses were observed depending on the costimulatory 

intracellular domain used. For example, addition of a CD28 intracellular domain improved 

CAR cytotoxic functions and cell proliferation [37]. Addition of ICOS improved CD8+ 

persistence and cytokine production [38]. The inclusion of 4–1BB not only similar effects as 

CD28, but also improved long-term persistence and avoidance of T cell exhaustion [39]. 

Finally, addition of OX40 repressed secretion of immunosuppressive cytokines [40]. 

Interestingly, a recent study suggested that the choice of intracellular costimulatory domain 

used also affects the susceptibility of CAR-expressing T cells to HIV infection. CARs 

containing 4–1BB, CD27, or ICOS were found to be more susceptible to HIV infection than 

CARs containing CD28 or OX40 [41]. However, in vivo murine studies suggested that 

CD4–41BB-TCRζ CAR exhibited the greatest control over HIV replication [41]. These 

studies also showed that swapping the transgene promoter (in this instance PGK for EF1α) 

and CAR transmembrane domain from CD4 to CD8 could improve CAR surface expression 

and decrease CAR susceptibility to HIV infection [41].

Although there now exists a multitude of CAR generations in T cells, each expressing 

different intracellular domains in tandem or combining cytokine genes to CARs, new 

strategies have also evolved to target CAR expression on cells from multiple hematopoietic 

lineages. A recent study showed that transplantation of CAR-expressing autologous HSPC 

in four male juvenile pigtail macaques differentiated into CD4+ T cells, CD8+ T cells, NK 

cells, monocytes, and macrophages. These cells were able to mediate killing of HIV-infected 

cells in vitro, engraft and expand both in the blood and in tissues in vivo, and reduce average 

rebound viremia in animals withdrawn from antiretroviral therapy. Furthermore, CD4+ T 

cell percentage and CD4:CD8 ratio were higher in CAR-infused animals than in controls. 

This strategy provided functional CAR cells capable of protecting immune homeostasis 

without controlling infection [28].

With the failure of CAR clinical trials to provide clinical benefit and HIV viral suppression, 

many scientists believe that adoptive transfer of CAR cells should first be tested in a NHP 

model before being introduced in a clinical setting [42]. The SIV/macaque model for AIDS 

research is excellent because macaques are physiologically and immunologically similar to 

humans and develop an AIDS-like disease upon SIV infection. In addition, the NHP model 

allows for therapeutic approaches that are deemed too ‘risky’ in humans [42]. Furthermore, 

NHP have a distinct advantage over humans in terms of the ability to control the timing, 

dose, and route of viral inoculation. CAR T cell work in NHP models has demonstrated that 

CAR T cells are able to engraft in vivo without systematic life-threatening cytotoxicity, 

migrate in different tissues, have long-term persistence, and can lower viral rebound after 

ART withdrawal [43,44].

Although CAR T cells are proving to be a promising model, there are several lines of 

evidence suggesting that CAR NK cells are a more suitable strategy for immunotherapy. 

First, NK cells are the most efficient cytolytic cell in the human body because they do not 
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require prior contact stimulation by antigen-presenting cells and yet are regulated by 

inhibitory receptors before activation [4–7]. Second, the low toxicity, persistence, and 

reduced risk of graft-versus-host disease (GVHD) make allogeneic CAR NK cells a 

potential ‘off-the-shelf’ treatment. Several clinical trials have shown that infusions of 

allogeneic NK cells are safer than T cells and have reduced GVHD [45,46]. In one study, all 

14 patients tolerated NK cell infusions without adverse effects (such as fever, headache, 

nausea/vomiting, or hypotension) that are often associated with CAR T cell infusions [47]. 

Furthermore, CAR NK cells have limited persistence when infused in vivo, which reduces 

the risk of prolonged toxic effects observed with CAR T cells [48]. Several studies suggest 

that the persistence of NK cells 2 weeks post infusion can be considered a successful 

engraftment [49]. This was showcased in a study where five out of six patients had no donor 

NK cells persisting after 5 days, although one patient showed persistence for as long as 138 

days post infusion [50]. Although NK cell persistence is relatively short, infused NK cells 

have been found in some studies to expand in vivo, with a patient achieving 100% donor 

chimerism by day 38 after transplantation [50]. In addition, NK cells secrete fewer 

proinflammatory cytokines than T cells, which decreases the probability of off-target effects 

[51]. Taken together, life-threatening toxicities are less likely during CAR NK cell 

transplantation than during CAR T cell engraftment. Third, CAR NK cells could be a more 

suitable strategy for immunotherapy because NK cells are inherently capable of ADCC 

through their germline CD16 receptor. Therefore, CAR-transduced NK cells could promote 

cytotoxic functions through their artificially acquired receptor or through their natural 

germline receptor mechanism [51]. Although ex vivo expansion of NK cells via IL-2 has 

been shown to downmodulate CD16 because of the expression of the matrix 

metalloproteinase 25 (MMP25), small interfering (si) RNA-mediated disruption of MT6/

MMP25 expression can restore CD16 expression on cultured CAR NK cells and reinstate 

their ADCC potential [52].

CAR NK cells

Initial CAR NK cell strategies have mainly focused on using first-generation CAR vectors 

with an intracellular TCRζ chain for signal transduction and various extracellular domains 

involved in the targeting of specific infected or malignant cells, such as CD19, CD20, and 

Erb2 [53]. For example, Boissel and colleagues investigated the ability of CD20-TCRζ NK 

cells to kill primary chronic lymphocytic leukemia cells, whereas Esser and colleagues 

studied the efficacy of GD2-TCRζ NK cells [54,55]. In the early days of anti-HIV CARs, 

the Roberts and colleagues showed that CD4-TCRζ NK cells can lyse 50% of GP120-

expressing cells at an E:T ratio of between 25:1 and 50:1 [56]. However, although most 

TCRζ-CAR NK cell strategies provide some level of enhanced specific killing in vitro, these 

CARs succumb to similar issues as TCRζ-CAR T cell strategies and lack enough 

costimulation to provide effective treatment in vivo [35]. This was evidenced by experiments 

by Campana et al., where NK cells transduced with a second-generation CD19–41BB-TCRζ 
CAR reduced the percentage of leukemia cell recovery and enhanced NK cell cytotoxicity 

significantly more than did CD19-TCRζ NK cells [57]. Furthermore, a humanized ErbB2-

CD28-TCRζ CAR was shown to mediate selective killing of target carcinoma cells more 

efficiently than ErbB2-TCRζ NK cells [58]. Moreover, a NK CAR strategy involving a CS1-
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CD28-TCRζ CAR suppressed the growth of malignant human IM9 multiple myeloma 

(MM) cells and significantly prolonged mouse survival in an aggressive orthotopic MM 

xenograft mouse model [59]. From a clinical standpoint, there are a few ongoing clinical 

trials using CAR NK cells for cancer immunotherapy. A Phase I clinical trial at St Jude 

Children’s Research Hospital was completed using CD19–41BB-TCRζ CAR NK cells to 

target B-lineage acute lymphoblastic leukemia (ALL) malignancy (NCT00995137). Another 

Phase II clinical trial with NK cells has been approved for B-lymphoid malignancies using a 

CD28-TCRζ CAR with an inducible cas-pase-9 suicide gene and IL-15 as an activating 

cytokine (NCT03056339).

Although CAR T cells strategies in NK cells are effective, initiation of signal transduction in 

NK cells can involve different pathways and diverge significantly from T cells. Therefore, 

the systematic application of CAR T cell strategies in NK cells might not be an optimized 

strategy for NK cells. NK cells expressing a prostate stem cell antigen (PSCA)-DNAX 

activation protein (DAP) 12 CAR had increased specific cytotoxic abilities compared with 

NK cells expressing PSCA-TCRζ CAR, suggesting that swapping CAR combinations 

developed in T cells for intracellular domains specific to NK cell signaling provides better-

performing CAR NK strategies [60]. This assumption was further evidenced when Campana 

et al. tested a NKG2D-DAP10-TCRζ CAR in NK cells and showed increased cytotoxic 

activity against several leukemia, osteosarcoma, and prostate carcinoma cell lines. In 

addition, stimulation of the NKG2D extracellular domain also triggered secretion of IFN-γ 
and TNF-α, and a massive release of cytotoxic granules [61]. Interestingly, swapping 

intracellular CAR domains for NK cell-specific domains is not always the best answer. 

When Campana et al. previously compared the first-generation CD19-TCRζ CAR with a 

CD19-DAP10 CAR, they found that the TCRζ intracellular domain enhanced NK 

cytotoxicity compared with DAP10 [57].This is likely because NK cell signal transduction 

follows rigorous rules and, whereas TCRζ alone might be potent enough to induce signal 

transduction, many NK-specific signaling domains require crosslinking of multiple receptors 

to acquire a threshold of phosphorylation sufficient to initiate signal transduction.

Potential signaling targets to improve CAR NK activity

The idea that CAR NK cells might behave differently than CAR T cells depending on the 

combination of intracellular signaling domains chosen is a fascinating hypothesis. Here, we 

briefly review T cell signaling and contrast NK cell signaling to understand how NK 

intracellular domains can shape CAR functions.

T cell signal transduction

T cell signal transduction (Fig. 2) is initiated by formation of the immunological synapse, 

which contemporaneously activates the TCR complex, the CD4/CD8 receptor, and other 

costimulatory receptors, such as CD28 [46]. Once CD4/CD8 is activated, it induces 

phosphorylation and activation of Lck, a protein in the Src tyrosine kinase family [63]. In 

turn, Lck phosphorylates immunoreceptor tyrosine-based activation motifs (ITAM) on the 

TCRζ intracellular chain, which is then used as ‘docking site’ to recruit and activate zeta-

chain associated protein kinase 70 (ZAP-70) via its Src homology 2 (SH2) domain [64]. 
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Activation of ZAP-70 is crucial for T cell signal transduction because ZAP-70 is responsible 

for the formation of protein scaffolds involved in almost every T cell signaling pathway. For 

instance, ZAP-70 activates adaptor protein linker for activation (LAT), responsible for 

recruiting growth factor receptor-bound protein (Grb2) and son of sevenless (Sos, a dual-

specific GTP exchange factor) that are crucially involved in the Ras-MAPK pathway and 

cell proliferation [65,66]. Concurrently, ZAP-70 also activates adaptor protein SLP-76 to 

promote activation of Itk via the guanine-nucleotide-exchange factor Vav [67]. Itk has a 

crucial role in the phosphorylation of phospholipase C-γ (PLCγ), a protein involved in the 

hydrolyzation of phosphatidylinositol 4,5 biphosphate (PIP2) into diaglycerol (DAG) and 

inositol triphosphate (IP3). IP3 signals through the calcium-calcineurin-nuclear factor of 

activated T cells (NFAT) pathway to promote the secretion of cytokines, such as IL-2, 

transcriptional activation, and cytotoxic granule release [68]. DAG mediates activation of 

protein kinase C-θ (PKCθ), which induces signaling of the NFκB pathway, a crucial 

mediator of T cell differentiation, activation, and survival [69]. Costimulatory receptors are 

important in T cell signal transduction because they are involved in the phosphorylation of 

PI3K, a protein involved in the conversion of PIP2 into PIP3, and activator of Grb2. Through 

the activation of PI3K, the Akt and mTOR signaling pathways are initiated to enhance cell 

survival, proliferation, and T cell differentiation [70]. Although we tend to classify signaling 

pathways as isolated cascades of events, extensive crosstalk occurs between pathways. 

Therefore, signal transduction is a dynamic and integrative process that might start with the 

initiation of one pathway but result in activation of multiple signaling events.

NK cell signal transduction

NK cell activation relies on a variety of germline-encoded receptors to initiate signal 

transduction and promote different cell functions (Fig. 3). Importantly, NK cell signal 

transduction and activation requires crosslinking of multiple activating receptors to provide 

the appropriate threshold of intracellular ITAM phosphorylation [71]. This idea is supported 

by experiments by Long et al. in which intracellular calcium concentrations were measured 

in resting NK cells, given that calcium (Ca2+) levels in NK cells are associated with 

cytotoxic degranulation. Results showed that crosslinked stimulation of CD16 with other 

activating receptors, such as NKG2D, 2B4, or DNAM-1, resulted in higher intracellular 

Ca2+ levels than CD16 alone. The same Ca2+ increase was observed when NKp46 was 

crosslinked with 2B4, NKG2D, or DNAM-1, but only slightly enhanced when NKG2D and 

DNAM-1 were co-cross-linked together [72]. In addition, microscopy experiments using the 

Ca2+-sensitive dyes Fluo-4 and Fura Red showed that CD16 or 2B4 crosslinking with 

NKG2D induced a sustained elevation in Ca2+ [72]. Given that Ca2+ mobilization is a 

crucial step in perforin-dependent NK cell cytotoxicity, these results showed that 

crosslinking of multiple receptors is required for NK cytotoxic activity and function.

Natural cytotoxicity receptors (NCR) were the first NK cell-activating receptors to be 

studied. They are type 1 transmembrane glycoproteins containing a positively charged amino 

acid in their transmembrane domain that associates with the negatively charged 

transmembrane domains of signaling molecules [73]. Two types of NCR expressed on NK 

cells, NKp46 and NKp30, are also expressed on some subsets of T cells. Upon activation, 

these receptors associate with TCRζ and/or the FcεRIγ chain to promote signal transduction 
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[74]. Given that TCRζ is canonically used in T cell TCR signaling, stimulation of NKp46 

and NKp30 will partly induce similar signal transduction pathways, as in T cells [75].

One receptor expressed on activated NK cells is NKp44, which uses disulfide bonds to 

associate with DAP12 [76]. In rat studies, immunoprecipitation and blotting of murine 

Ly49D and DAP12 showed that DAP12 directly phosphorylates Cbl, a protein the homolog 

of which is involved in the Ras/MAPK pathway. In addition, DAP12 was shown to promote 

phosphorylation of PLCγ1, Erk, and Erk2, proteins involved in signal transduction via the 

MAPK and calcium-calcineurin pathways [77]. Although these signaling proteins are also 

activated by canonical T cell signaling, it does not mean that DAP12 signal transduction 

mediates the same events as T cell signaling. In fact, further studies demonstrated that 

DAP12 signaling did not activate ZAP-70, a crucial mediator of T cell signaling, but 

phosphorylated protein Syk [77]. Therefore, NKp44 signaling through DAP12 might have 

the same end result as the canonical T cell signaling pathway, but it appears that the 

upstream signal transduction differs from T cell signaling and is carried out by proteins other 

than ZAP-70.

Another NK cell receptor of interest is NKG2D, an activating receptor that associates with 

DAP10 but not with DAP12 [78]. NKG2D-mediated DAP10 signaling was found to activate 

ZAP-70 but not Syk or LAT (a direct downstream effector of ZAP-70), yet still resulted in 

the phosphorylation of PLC-γ2 [78]. In addition, NKG2D stimulation induced activation of 

SLP76 and Vav1, involved in the Rho-Rac/Cdc42 pathway and cell growth and proliferation 

[78]. These results suggest that NKG2D signals through a pathway similar enough to T cell 

to activate ZAP-70, Vav1, Rac/Cdc-42, and PLC-γ2, yet is different enough to be Syk and 

LAT independent.

Other evidence that NK cell signaling can be closely related but differs from T cell signaling 

is that stimulation of signaling molecules involved in T cell activation can result in 

inhibitory signaling in NK cell precursors. 2B4 is a member of the SLAM-related receptors 

containing intracellular immunoreceptor tyrosine-based switch motifs (ITSM) that recruit 

the adapter proteins SAP and 3BP2 [79]. SAP and 3BP2 signaling is so crucial to the 

activation of Fyn, LAT, Grb2, Cb1, Vav1, and PLC-γ that mutations in SAP cause the a 

genetic disorder X-linked lymphoproliferative disease [80,81]. Nonetheless, 2B4 can act as 

an inhibitory NK cell receptor in certain conditions, especially in NK cell precursors that 

lack inhibitory receptors for self-MHC class I [82].

The only known receptor capable of initiating NK cell activation and cytotoxic functions 

without requiring other receptor crosslinking is FcγRIIIA, or CD16, a receptor with low 

affinity for the Fc region of IgG antibodies [83]. CD16 is perhaps one of the most famous 

NK cell receptors because of its ability to induce ADCC and killing of target cells coated 

with IgG antibodies [84]. CD16 associates with not only TCRζ chains to induce signal 

transduction similar to T cells, but also FcεRIγ chains, a component of the high-affinity IgE 

receptor FcεRI and structural homolog to TCRζ chain. Site-directed mutagenesis 

experiments have shown that TCRζ and FcεRIγ were able to signal interchangeably [85]. 

This was confirmed in mouse large granular lymphocytes, in which NK-like activity against 

B cell hybridomas producing anti-CD3 and anti-CD16 monoclonal antibodies was rescued 
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when TCRζ chains were depleted but replaced with FcεRIγ [86]. However, several studies 

suggest that signaling through TCRζ differs from FcεRIγ. Experiments crosslinking the 

CD16 extracellular domain to FcεRIγ or TCRζ intracellular domains demonstrated that the 

FcεRIγ chimeras were more efficient at signaling Ca2+ influx and IL-2 production upon 

CD16 stimulation. In addition, western blot analysis showed that the FcεRIγ chimeras 

promoted the phosphorylation of phosphoproteins 158, 116, and 101 (probably ubiquitin 

conjugates [86]) to a greater extent than TCRζ chimeras, suggesting that FcεRIγ induces 

distinct patterns of tyrosine phosphorylation that differed from CD16-TCRζ 
phosphorylation [87]. Interestingly, although it was thought that CD16 always associated 

with FcεRIγ and TCRζ, researchers recently identified a subset of CD56dim NK cells that 

are deficient in FcεRIγ but express TCRζ at normal levels. The absence of FcεRIγ endows 

distinct signaling properties to these NK cells, including the lack of signaling proteins SYK, 

DAB2, and EAT-2 [88]. Although these NK cells are still able to signal through TCRζ and 

ZAP-70, the decrease in the aforementioned signaling molecules results in abnormal NK cell 

function [89]. When researchers attempted to stimulate NK cells with target cells and 

antigens, FcεRIγ-deficient NK cells had reduced cytotoxic abilities and cytokine secretions 

compared with conventional NK cells [90]. However, in the presence of plasma or purified 

antibodies specific to the target cells, FcεRIγ-deficient NK cells had exponentially enhanced 

cytotoxic functions and cytokine-secreting abilities, hinting that these cells work optimally 

through ADCC. Unexpectedly, FcεRIγ-deficient NK cells could also respond robustly to 

other pathogens when pathogen-specific antibodies were available. This was seen in an 

experiment where HCMV-primed FcεRIγ-deficient NK cells could target and degranulate 

against HSV-1-infected cells upon receiving plasma from HSV-1-seropositive donors [90]. 

Therefore, the lack of FcεRIγ and SYK-mediated signaling makes direct antigen 

recognition by NK cells unlikely but enhances cytokine and cytotoxic responses in an 

antibody-dependent manner [90]. Furthermore, these differences in signaling are also 

illustrated in the longevity of NK cells. Although conventional NK cells are short lived, 

increasing evidence shows that FcεRIγ-deficient NK cells are long lived and display 

memory markers, such as CD44, CD11a, and CCR5 [90]. Based on these findings, CAR NK 

cells designed with a FcεRIγ intracellular domain could have a different longevity, kinetics 

of persistence, and cytotoxic behaviors compared with CAR NK cells designed with a TCRζ 
intracellular domain. However, it remains unclear whether CD16 also induces additional 

signaling pathways independently of TCRζ and FcεRIγ. This caveat is raised by the fact 

that, whereas CD16 alone can promote NK cell functions, receptors NKp46 and NKp30 also 

signal through TCRζ or FcεRIγ but are unable to induce NK cell activation without 

crosslinking to other receptors. Therefore, elucidating these unknown early signaling events 

could provide new insights into how to improve CAR strategies.

Given that NK cell signaling differs significantly from T cells, CAR NK cell 

immunotherapies could be improved by studying interactions between NK cell receptors and 

signal transduction. For example, studies of the CD16 receptor showed that the 

transmembrane domain of TCRζ appears to preferentially associate with CD16 rather than 

with the TCR complex [87]. Whereas most CAR strategies use CD4, TCR, or CD8 

transmembrane domains, this finding suggests that using a CD16 transmembrane domain in 

CAR could allow potential crosstalk between germline TCRζ chains and CAR-recombinant 
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TCRζ chains to enhance cell activation and improve the agglomeration of CARs at the 

immunological synapse. Furthermore, for CAR NK strategies involving targeted cytokine 

secretions, studies with the NKG2D receptor using monoclonal antibodies showed that 

NKG2D signaling alone triggered a cytotoxic response but not an IFN-γ response. These 

findings rule out the potential for a first-generation CAR-NKG2D to secrete IFN-γ [78]. 

However, a NKG2D-DAP10-TCRζ CAR was able to increase IFN-γ, GM-CSF, IL-13, 

MIP-1α, MIP-1β, RANTES, and TNF-α secretion in NK cells [61]. Therefore, the same 

CAR intracellular domains might vary their effect on NK cell functions depending on the 

combination used. One strategy to study the efficacy of intracellular CAR combinations in 

NK cells would involve developing a CAR library with randomly associated intracellular 

domains and screening for the most efficient combinations. This idea was originally 

developed in CAR T cells when a laboratory generated a library of >30 000 CARs and tested 

for CD69 upregulation in response to CAR ligation, IL-2 response to c-myc antibody, and 

overall response to erbB2-expressing cells [91]. Interestingly, although CD28-TCRζ CARs 

scored highly, investigators showed that the most functional CAR combination in T cells 

included NK cell signaling protein DAP10. In fact, the DAP10-TCRζ-CD27 CAR resulted 

in some of the highest levels of cytotoxic enhancement published in the literature [91].

Concluding remarks

CAR immunotherapy is a promising strategy that can be focused on the elimination of HIV 

reservoirs and the establishment of a cure against HIV/AIDS. In this review, we have 

summarized how the adaptation of CAR strategies developed in T cells has proven effective 

in retargeting NK cells against HIV-infected cells, raising hopes that CAR NK cells could be 

effective against HIV. Significant evidence suggests that swapping T cell intracellular 

domains for NK cell signaling domains results in improved cytotoxic killing, improved 

cytokine secretion, and overall improved NK cell functions. This evidence is supported by 

the realization that NK cell signal transduction differs from T cell signaling and CAR NK 

cells strategies should combine intracellular domains pertaining to NK cell signaling. 

Furthermore, the continued studying of NK cell signal transduction and receptor interactions 

could hold the key to developing new CAR-NK strategies capable of improving in vivo 
efficacy and reducing HIV viral loads long term. However, there are still obstacles to 

overcome before CAR NK cells can become a viable and cost-effective therapy, such as 

large-scale expansion and cell culturing, transduction efficiency, and safety.
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FIGURE 1. 
Schematics of the transition in natural killer (NK) cell phenotype and functionality. Healthy 

cells are predominantly CD56dim/CD16+. However, during HIV infection, CD56−/CD16+ 

cells become dysregulated whereas the population of cytokine-secreting cells, CD56+/

CD16dim, is reduced. Effective antiretroviral therapy (ART) treatment can partially recover 

healthy NK phenotypes.
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FIGURE 2. 
Schematic of T cell signal transduction. T cell activation requires two signals; the first is 

initiated by CD4/8 and T cell receptor (TCR) binding to major histocompatibility complex 

(MHC)–peptide complexes, which results in the phosphorylation and activation of proteins 

Lck, TCRζ, and Zap-70. The second signal is initiated by CD28 and costimulatory receptor 

binding. The combination of both signals drives strong T cell activation, differentiation, and 

effector immunological functions. The stars indicate direct kinase phosphorylation.
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FIGURE 3. 
Natural killer (NK) cell signal transduction. Whereas some NK receptors share the 

downstream signal transduction of with T cells through T cell receptor (TCR)-ζ; other NK 

cell receptors promote signaling through unique proteins, such as FcεRIγ, DAP10, and 

DAP12. Therefore, optimizing early signaling events through NK-specific proteins could 

improve chimeric antigen receptor (CAR) NK cell signaling and function.
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