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Abstract

Natural Killer (NK) cell deficiency (NKD) is a subset of primary immunodeficiency disorders 

(PID) in which an abnormality of NK cells represents a major immunological defect resulting in 

the patient’s clinical immunodeficiency. This is distinct from a much larger group of PIDs that 

include an NK cell abnormality as a minor component of the immunodeficiency. Patients with 

NKD most frequently have atypical consequences of herpesviral infections. There are now 6 genes 

that have been ascribed to causing NKD, some exclusively and others that also cause other known 

immunodeficiencies. This list has grown in recent years and as such the mechanistic and molecular 

clarity around what defines an NKD is an emerging and important field of research. Continued 

increased clarity will allow for more rational approaches to the patients themselves from a 

therapeutic standpoint. Having evaluated numerous individuals for NKD, I share my perspective 

on approaching the diagnosis and managing these patients.
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Introduction

It was humbling to have been asked to write an overview of management of NK cell 

deficiency (NKD), however I was unsure that there was anything to be said about this given 

the rarity of these patients and limited therapeutic options. When prompted to consider the 

topic however, I look back upon the cases that I have been or presently am personally 

engaged in as well as those that I have read about or discussed with colleagues and realize 

that there probably is some insight to be shared. If nothing more, it represents a point from 

which to move forward in the diagnosis and management of patients. As the diagnosis of 

NKD is becoming more established, in particular through a number of defined genetic 

underpinnings, what we need now is directed research and evaluation, retrospectively and 
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prospectively, of how best to improve the health and well-being of patients diagnosed with 

NKD. As there is little in the way of specific research to call upon in guiding this topic from 

a management perspective, I have elected to write portions of this perspective in the first 

person. That said, I will do my best to call upon and assimilate relevant published anecdotal 

and communicated experience with regards to treatments and outcomes. I apologize in 

advance for those whose perspectives and ideas I have overlooked in assembling this brief.

At present, the most important part of proper management of NKD is establishing the 

correct diagnosis, which has been historically challenging. A main reason has been that 

diagnosis has in part depended upon the assessment of NK cell function using a biological 

assay to measure NK cell-mediated cytotoxicity. While an extremely informative assay, it is 

one that can be affected by a variety of conditions and physiological states, including severe 

illness, psychological stress, and depression amongst others. Furthermore, this represents 

only part of an NKD diagnosis and the identification of some genetic etiologies for NKD, as 

well as enhanced tools to assess NK cell phenotype and function have improved the ability 

to consider patients who might have the diagnosis and establish a reliable basis for their 

further investigation and care. Thus, in addition to presenting a perspective on the 

management of patients diagnosed with NKD, I will also provide a brief summary of how 

NKD is defined and how best to pursue the and/or confirm a diagnosis of NKD.

NKD-directed primer on NK cell biology and function

By way of introduction, NK cells are categorized as lymphocytes of the innate immune 

system as a divergent branch of the innate lymphoid cell (ILC) lineage [1]. These cells are 

not vestigial and have been sustained through evolution for a variety of reasons [2]. They are 

postulated to serve relevant roles in reproductive success, surveillance of cancerous cells and 

control of viral infections [3-6]. This is supported by strong evidence accumulated in a wide 

variety of animal models and in select human contexts collected over the nearly 45 years 

since NK cells were named as such.

NK cells exist as approximately 10% of peripheral blood lymphocytes [7] as well as varying 

percentages of tissue-based lymphocyte populations in both lymphoid and non-lymphoid 

organs [8]. NK cells do not rearrange their germline DNA to gain specificity and inherently 

carry all relevant receptor sequences needed to exert function. Of note, this is despite the fact 

that under certain circumstances NK cells can fulfill the criteria of having immunological 

memory with antigen specific expansion, contraction and recall [9]. As far as we know, this 

occurs via a given set of otherwise invariant receptors. The receptors in NK cells capable of 

activation recognize a variety of signatures of disease or cell stress and exist in balance with 

a relatively large family of inhibitory receptors capable of repressing NK cell functions, 

most notably the Killer cell Immunoglobulin Receptor (KIR) family that is ligated by 

particular class-I MHC molecules [10, 11]. The identification of KIR receptors gave rise to 

the historical concept of “missing self” in which NK cells were believed to be called into 

action when a host cell had lost class-I MHC, an otherwise fundamental signature of cell 

health and function. “Missing self” represented a key theoretical concept in immunology for 

many years in that it was believed that T cells existed to recognize “altered self”, specifically 

MHC molecules presenting foreign peptides, and that NK cells were there to be engaged in 
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circumstances where “self” was not present [12]. Critical examples where cells down-

regulate or lose expression of class-I MHC (“missing self”) include when they become 

infected with particular viruses that are actively escaping cytotoxic T cell (CTL) responses, 

or in malignant cells that have lost growth control and similarly evaded CTL functions. The 

prime example of the former is the evasion mechanism used by many herpesviruses, some of 

which even have their own class-I MHC decoy molecules encoded in their genome to 

specifically try to inhibit and evade NK cells [13, 14]. Having downregulated or low levels 

of class-I MHC, however, is not sufficient for triggering NK cells as many cells that have 

inherently low levels, including erythrocytes, are not routine targets of NK cells. Thus, an 

activating receptor on an NK cell must also be engaged by a cognate ligand on a potential 

target cell to induce NK cell activity. There are many such receptors on NK cells, with 

varying strengths of signaling. Examples include the NK cell isoform of CD16, which is an 

Fc receptor that recognizes cells opsonized with IgG; and CD244, which recognizes CD48 

that is expressed and upregulated on B cells infected with Epstein Barr Virus (EBV), and is 

also the target of viral evasion strategies [15]. It is important to view NK cell triggering as 

the integration of signals from often multiple activation receptors in excess of any inhibitory 

signaling: in other words, a balance favoring activation.

Once a threshold of NK cell receptors that are favoring activation is surpassed, one of a 

number of different functions can be accessed. These include cytokine production, contact-

dependent co-stimulation, and cytotoxicity [3]. As for the ability to produce cytokines, NK 

cells are especially adept at contributing IFN-γ but are also capable of secreting others, 

including TNFα, IL-10, IL-5 and IL-13. With regards to co-stimulation, NK cells can 

express a variety of costimulatory receptors, including CD154 and CD137, to contribute to 

and facilitate other aspects of an immune response. Importantly, NK cell cytotoxicity is an 

end unto itself in being able to eradicate a susceptible target cell. Cytotoxicity is a well-

orchestrated cellular process in which highly specialized organelles, called lytic granules, 

are organized and polarized towards a triggering diseased cell [16]. Once polarized, the 

contents of the lytic granules, which include the pore-forming molecule perforin and cell 

death-inducing granzymes, can be secreted through an interface known as the lytic 

immunological synapse leading to the death of the targeted cell. A surprisingly small 

number of these lytic granules are actually needed to destroy a targeted cell – on the order of 

two to four – thus defining NK cell cytotoxicity as a highly efficient and effective process 

[17]. Having NK cells that are disabled in cytotoxicity but fully functional in producing 

cytokines contributes to the primary immunodeficiency hematophagocytic 

lymphohistiocytosis (HLH) in a subset of the HLH syndromes [18]. In this subset of HLH, 

patient NK cells are capable of binding to virus-infected cells and producing abundant 

cytokines to promote inflammation, but they are not able to eradicate infected cells through 

cytotoxicity. Examples of this type of HLH include aberration of the cellular machinery 

needed for degranulation, such as Syntaxin 11 deficiency, as well as perforin deficiency, 

which renders lytic granules ineffective [19]. HLH that is not associated with impairment of 

NK cell cytotoxicity is typically caused by defective dampening of inflammation from 

dysfunction in regulatory components of the inflammasome and the like [20].

NK cells develop from hematopoietic precursors in the bone marrow and go through a 

number of peripheral and central stages of maturation to become the cytotoxicity-enabled 
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mature NK cell characterized by the expression of CD56 (at low levels), KIR, and CD16 and 

high lytic granule content [8]. Over the past decades, a number of us in the field of PID and 

beyond have sought or identified patients that lack NK cells or their function. This has 

served the purpose of illustrating the how the defective biological pathways elucidated in 

PID impact human NK cells. One example of how PID has informed NK cell biology is 

Severe Combined Immunodeficiency (SCID) caused by aberration of the IL2RG gene that 

prevents appropriate expression of the IL-2 receptor common gamma chain (IL-2Rγ). 

Patients with IL2RG deficiency have SCID due to an inability to promote T cell 

development via IL-7 directed signaling through IL-2Rγ. While the absence of T cells is 

their major clinical problem, patients with IL2RG SCID also fail to produce NK cells. This 

supports in vitro and mouse models that demonstrate an absolute requirement for NK cell 

development upon IL-15 signaling, which requires IL-2Rγ to comprise the functional IL-15 

receptor [21]. There are many other similar examples in which a PID includes an NK cell 

abnormality but other defective components of immunity lead to the primary clinical 

manifestation. This is the case in HLH where in addition to defective NK cell cytotoxicity, 

CD8+ CTL also lack the ability to kill, thus creating the severe clinical phenotype 

demonstrated by patients [19]. From an NK cell perspective, this larger group of diseases, 

including NK− SCID and HLH, are best referred to as PIDs with an NK cell abnormality. In 

this light, approximately 1 out of every 6 molecularly defined PID has some impact upon 

NK cells and these have been catalogued and discussed in several reviews [22-28]. While 

some of these PIDs may demonstrate a clinical contribution of having dysfunctional NK 

cells, this can be context specific and rather difficult to prove. Importantly, these diseases are 

not NKDs, illustrating the need for better understanding the specific role of NK cells in 

maintenance of human health. As such, true NKD represent powerful keys to answering the 

question of the role of NK cells in humans and defining the role that they play in human host 

defense.

What is NKD

In order to be as clear as possible: NKD is a subset of PID in which the NK cell abnormality 

represents the major immunological defect resulting in the clinical immunodeficiency. NKD 

is a sub-subset of PIDs that include an impact upon NK cells – but in most of these (PIDs 

that include an impact upon NK cells, as opposed to NKD), the NK cell abnormality is not 

the majority immunological defect giving rise to clinical immunodeficiency. As delineated 

above an example of this broader subset of PIDs that include an impact upon NK cells is NK
− SCID, where the lack of NK cells is potentially relevant but not the major immunological 

defect causing clinical immunodeficiency. Some NKDs also have abnormalities outside of 

the immune system and may also have subtle and sometimes poorly understood immune 

perturbations outside of the NK cell compartment. That said, to be an NKD, again the NK 

cell abnormality must represent the primary immunological defect presumably leading to the 

patient’s clinical immunodeficiency. It is useful to think of two broad categories of NKD 

what have been referred to as “classical” or “developmental” NKD (cNKD) and “functional” 

NKD (fNKD) [23, 26, 29]. These classifications distinguish NKD in which NK cells are 

either absent or very low in number from those where they are present in normal numbers 

but fail to function. In cNKD there is a gene defect that interferes with NK cell development, 
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maturation or survival resulting in a population of NK cells in the peripheral blood that is 

undetectable, or unusually small. Given that absolute lymphocyte counts can be variable, the 

definition of cNKD we use is where NK cells constitute ≤1% of peripheral blood 

lymphocytes or where there is a clear missing developmentally relevant subset, such as 

CD56dim NK cells. This phenotype is frequently accompanied by evidence of NK cell 

immaturity or aberrant development as detected by high-resolution FACS phenotyping. 

Alternatively, there may be an unusual distribution of NK cell subsets within the peripheral 

blood population, indicating abnormal NK cell development or homeostasis. Importantly, 

however, even if NK cells are present in numbers that fall within normal ranges, the 

developmental defect conferred by cNKD can be assessed by NK cell developmental subset 

study and is accompanied by impaired functional maturation reflected by defective NK cell 

cytotoxicity. In fNKD, NK cells are present in the peripheral blood in normal numbers and 

with a normal phenotype (using standard clinical laboratory NK cell phenotyping), but the 

NK cells demonstrate consistently abnormal function. This latter category of NKD is more 

challenging to detect, as standard peripheral blood lymphocyte flow cytometry will yield a 

normal result for NK cells, but an NKD would need to be suspected and functional testing 

obtained. Thus, despite there being a normal number of peripheral blood NK cells an index 

of suspicion is particularly relevant in identifying fNKD patients (see diagnosis section).

As of the time of writing this brief, there are 6 genes that have been published as at least in 

part causing NKD, which include 5 cNKD and 1 fNKD (Figure 1). It is important to note 

and as will be discussed below there are examples of aberrations in most of these genes that 

cause immunodeficiencies that would not be categorized as NKD. Thus, for these genes 

NKD represents only a subset of what they can cause with regards to immunodeficiency. 

The exception is the particular FCGR3A variants, which have only been described to cause 

NKD as of the time of the writing of this perspective. There have also been a number of case 

reports in the literature describing convincing NKD cases that have not yet been associated 

with gene defects. Several abstracts have been published and presented at conferences that 

describe additional NKD genes, however these have yet to be published and subjected a full 

peer review process. I am aware of additional NKD gene candidates through patients we are 

investigating in our own program as well as candidate genes that have been shared with me 

by colleagues who are investigating patients in their own programs. While it is hard to say 

what the ultimate number of genes are that will be identified as causes of NKD, there are 

many that can be predicted based upon animal studies, in vitro studies and/or NK cell 

particular gene expression patterns found in public expression databases.

The NKD genes that have been published in the peer-reviewed literature to date are GATA2 
(AD) [30, 31], GINS1 (AR) [32], IRF8 (AR) [33], MCM4 (AR) [34, 35], and RTEL1 (AR) 

[36] for cNKD and FCGR3A (AR) for fNKD [37, 38]. In most cases these genes as causes 

for NKD were very surprising and all provide very interesting biological insights into NK 

cells, but that is beyond the scope of this brief and is summarized in recent review articles 

[39, 23, 26, 40]. In all but one of these, only some patients with aberrations in these genes 

have NKD while others will have a different clinical presentation/disorder. RTEL1 for 

example can cause Høyeraal-Hreidarsson Syndrome in the majority of patients described 

[36] and GATA2 that can cause a range of clinical presentations including myelodysplasia 

and Emberger Syndrome [31].
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In the case of each of these genes, however, the original NKD case ultimately associated 

with them was fairly specific for NKD given the patient’s clinical history and the clinical 

laboratory assessments available at the time and in most cases has led to the identification of 

similar paradigms in other patients. The original GATA2 NKD patient had a very stable and 

well-studied NKD which characterized her immunodeficiency [41] and is in distinction from 

many, but not all GATA2 patients [30, 31]. The MCM4 cases had been long pursued with a 

founder effect family [42], and have been identified as possessing other abnormalities with 

regards to DNA stability although the contribution of these to immunodeficiency is not 

entirely clear [34]. In the RTEL1 NKD patient, the original case was fairly specific [43] 

although aberrations in this gene typically causes a distinct immunodeficiency and not NKD. 

That said, the corresponding author of the RTEL1 NKD case denoted that the patient had 

normal hemoglobin and platelets and “otherwise normal growth, development, and 

neurological progression as well as lack of bone marrow failure“ (A. Etzoni, Personal 
Communication, May 6 2016). In GINS1 deficiency there can be a deficiency of some ILC 

subsets (although the clinical relevance of this is unclear), and neutropenia [32], but the 

clinical immunodeficiency appears to be one of NK cells and was evident in the original 

case and investigations [44, 45].

For these genes causing cNKD, there are also likely to be only particular variants that will 

cause NKD. This is likely the case for IRF8 deficiency where the majority defect in a family 

originally reported with NKD many years ago [46] had a stable NKD over time, some 

notable differences from others with IRF8 variants and likely some particular impact of 

having biallelic mutations within the IRF-domain of the protein [33]. In fNKD the single 

identified gene, FCGR3A, has very specific genotype-phenotype connections to the clinical 

presentation of NKD, where this particular variant alters protein structure and interferes with 

costimulation provided by CD16 that is otherwise useful to NK cell cytotoxicity [37]. In the 

case of CD16 deficiency the original and subsequent case abnormalities [37, 38] have been 

quite specific to NK cell defense and share common clinical immunodeficiency phenotype 

components with the other NKD cases. Again, while these features are all relevant to 

conferring a diagnosis and to considering NKD in the context of many other actual and 

potential immunodeficiencies these particular topics are covered elsewhere and I would refer 

the reader to those sources [39, 26, 27, 23]. In all cases, further identification and 

investigation of patients with these gene aberrations will help define more specifically NKD 

or variations and relations to broader combined immunodeficiencies. For now, thinking of 

these genes in the context of NKD clinical immunodeficiency presentations is warranted and 

will undoubtedly prove helpful in attaining specific diagnoses and better understanding these 

conditions.

In all, however, a unifying clinical theme of susceptibility to herpesviruses as a clinical 

immunodeficiency is what links together the existing cases of NKD and the subsets of 

patients having NKD that are affected by variants in the NKD-associated genes. This may be 

subject to some ascertainment bias as many of us have been specifically seeking cases in this 

manner. I have been personally evaluating patients for NKD for a variety of reasons over the 

years, most notably including atypical manifestations of Herpesviruses. I have also evaluated 

patients, upon request, who have had incidental laboratory findings have been obtained, and 

ultimately the only unifying theme I have been able to identify where NK cells are truly 
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deficient is that of where patients have clinical susceptibility herpesviruses and some warts. I 

am not presently aware of enough signal to attribute cancer susceptibility to NKD but 

remain concerned and would refer the reader to a recent overview [47].

What is not NKD

In the interest of best directing patient care, it is important to delineate true NKD from cases 

in which NK cell function or numbers may be transiently depressed or are stably impaired 

due to a PID that impacts NK cells. An individual having a low NK cell function test of one 

kind or another, or a low number of NK cells, does not in and of itself constitute an NKD 

and the diagnostic label should not be used broadly for patients who have an abnormal test 

result (see diagnosis section below). A patient with a known PID who also has abnormal NK 

cell numbers or functional tests should similarly not be labeled as having an NKD. As 

described in the preceding section this would be a PID that has an impact upon NK cells. For 

example, while NK cells in Wiskott-Aldrich Syndrome (WAS) are abnormal [48], it is 

incorrect to say that a patient has WAS with NKD. When a patient has a known PID that 

includes an NK cell abnormality it would be correct to refer to the disorder by the name of 

the PID only. There are some PIDs in which certain variants of a single gene more 

profoundly affect NK cell number or function more than others. In this case it would be 

appropriate to refer to the PID by name along with the qualifier and abnormal NK cell 

function/number such as NK− SCID. In these PIDs in which NK cells are affected, however, 

it is important to keep in mind that the NK cell defect can have an impact on the patient’s 

clinical immunodeficiency. While it is unlikely to be a majority contributor, these patients 

are at risk for deficiencies in some of the defenses that NK cells provide. For example, 

patients with WAS have a high incidence of herpesviral infection [49] that could represent a 

contribution from aberrant NK cell defenses. In all cases of PIDs including an NK cell 

defect, it is important in my opinion for clinicians to be attuned to characteristic infections 

potentially arising from inadequate NK cell defenses.

There are a number of other things that are not NKD. For one, and quite simply, a single 

abnormal NK cell function or enumeration test does constitute NKD. There are many 

reasons a single test can be abnormal and to be considered for NKD it is imperative to 

establish a stable defect over time. Both the number and function of NK cells are sensitive to 

overall physiology and critical illness, and other conditions such as those that affect the 

hypothalamic-pituitary-adrenal axis can have an effect. There have been numerous studies of 

physiologic or mental stress, or depression, leading to significant deviations in NK cell 

number or function. Similarly, there is a long list of medications that have been documented 

to affect NK cell number or function and others that can theoretically be predicted to have a 

similar effect. These topics are the focus of other publications in both the primary and 

review literature [50-53]. In light of all of this, it bears repeating that an abnormal test result 

should be stable over time to raise consideration of NKD and that these should be 

considered in the context of the known conditions and medications that can affect test 

results.

In using NK cell tests, it is also important that they be applied with some degree of index of 

clinical suspicion. While the false positive rate for the available tests is not known, like any 
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non-genetic tests they account for a normal range across a healthy population. Applying 

them to individuals who are sick without a pretest probability enters into an unknown area 

and may require repeated testing to disprove that a patient has an NKD. In my own 

experience patients who have been exposed to HSV1 or HSV2 and have vesicular symptoms 

of recurrence within the dermatome of the initial infection do not generally have NKD. I 

believe that patients who have nearly continual recurrences, however, are worth considering. 

Patients with encephalitis caused by HSV also do not have NKD in my experience and it is 

now known that these cases result from a variety of defects that have little to do with NK 

cells and instead result from an impact on important components of CNS innate immunity 

[54].

Getting the NKD diagnosis right and the index of suspicion

The future of NKD as a primary immunodeficiency depends upon getting the diagnosis 

correct and accumulating valid experience in the overarching NKD field. Some of this will 

be accelerated by unbiased or targeted genetic diagnosis that will provide very specific 

answers. As an increasing number of NKD are defined by aberrations in single genes, 

currently available genetic tests have the ability to at least partially circumvent otherwise 

tedious and costly immunological evaluations. Several of the currently genetically defined 

NKD were discovered via whole exome sequencing [32, 33] and others have been detected 

via this approach [36, 30] and thus a clinical exome sequence should be able to cover most 

of the known present molecular NKD diagnoses. Many of the next generation sequencing 

gene panel tests for PID also include some of the known NKD genes and can be completed 

more quickly and at a lower cost. Both of these approaches have the advantage of including 

many of the PIDs that are known to have an NK cell component. As to which test to perform 

first, a next generation sequencing panel or whole exome sequence, this would at present 

depend upon your index of suspicion. If a patient seems to resemble a particular NKD for 

which the gene is present on a next gen panel then that would be a reasonable first approach. 

If not, then it would make sense to start with whole exome sequencing to be sure that the 

gene you suspect is covered. This is indeed a moving target, however, as the number of 

genes contained on PID sequencing panels are increasing regularly. Irrespective, there 

should be a relatively low threshold for considering a genetic test in the context of an 

evaluation for NKD. In our own center a suggestive clinical history and stably abnormal 

phenotypic or functional test is sufficient to order genetic tests for NKD, an approach 

supported by easy access to highly informative immunologic tests. The a priori pre-test 

probability of applying a genetic test in the context of a clinical history suggestive of an NK 

cell abnormality is presently unknown.

The diagnosis of NKD has long relied upon two sets of immunological tests. The first is that 

of NK cell percentage of total lymphocytes in the peripheral blood. The second is that of NK 

cell functions, most notably degranulation and cytotoxicity. In most evaluations of patients 

referred to me an NK cell enumeration was performed initially. This is typically because it is 

easier and often less expensive to obtain a flow cytometry lymphocyte panel and complete 

blood count to enumerate the NK cells amongst the other main lymphocyte subsets. This test 

is frequently obtained as part of an initial immunologic evaluation also resulting in the 

frequent incidental finding of low NK cells. In my experience having an NK cell population 
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that is low in isolation from other lymphocyte populations and is ≤1% of total lymphocytes 

in peripheral blood is cause for concern and consistent with cNKD. In other words, the NK 

cell population will be underrepresented relative to other lymphocyte populations. If all 

lymphocyte populations are low, this is likely to be an immunodeficiency but not NKD. It is 

important to also ascertain the developmental state of the NK cells in suspected NKD using 

advanced phenotyping if available [55]. Specifically, there could be a normal percentage of 

NK cells but with drastic aberrations of maturity and even missing mature NK cell subsets. 

Per the above discussion it is also important to ensure that the reduction in NK cells is stable 

and not caused by some medication or intercurrent condition. The second set of tests are 

those that measure an NK cell function and those most commonly used in clinical 

laboratories are tests of degranulation performed by flow cytometry (CD107a upregulation) 

and cytotoxicity (target cell killing) performed by flow cytometry or 51Cr-release assay. 

While both functional tests are useful, it is important to appreciate that each they test 

different things and that there are cases where degranulation can be normal as reported by 

the clinical test, but cytotoxicity will be abnormal. These tests are the only ones that are 

generally accessible in clinical laboratories that will raise suspicion for a patient having 

fNKD. Thus, in the context of evaluating NKD it is important to obtain both sets of tests if 

one can. The availability and accessibility of these tests differs from center to center and in 

different parts of the world, so it is hard to recommend that one be performed before another. 

As discussed further below, the tests measure different things and both may be needed to 

ultimately define the NK cell abnormality in a given patient.

A classic example of discordance between the two tests in PID is perforin deficiency where 

there is an inability of NK cells to mediate target cell killing but CD107a positivity can be 

detected after activation. In NKD, the presence of sufficient numbers of immature NK cells 

(CD56bright) still capable of degranulation but inadequately prepared to mediate cytotoxicity 

can lead to a similar result, as is the case in biallelic IRF8 deficiency [33]. If NK cells are 

absent from peripheral blood then there will likely be no measurable NK cell cytotoxicity, 

and similarly when NK cells are low in percentage, they are likely to lead to low cytotoxic 

function when using a PBMC-based assay. That said, the degranulation of even an 

abnormally small number of NK cells can still be normal. An exception to this could occur 

in the case of a phenotypically aberrantly NK cell population that obscures NK cell 

enumeration, as might be found in NK cell lymphocytosis and leukemia where there can be 

a loss of CD56 expression and is something to be aware of [56]. The reporting of cytotoxic 

function as a lytic unit is a valuable addition to some of the clinically available NK cell 

cytotoxicity assays. This calculation takes into consideration the number of NK cells in the 

peripheral blood and reflects the approximate killing capacity of individual cells. While not 

representing an actual analysis of individual cells, this can still be a helpful correlate in 

considering whether decreased function is attributable to decreased cell number or decreased 

functional capacity on a per cell basis (or both). In contrast, the results of degranulation 

functional testing are independent of NK cell number [57]. Since again it is possible to have 

a small number of NK cells that work perfectly normally there is a role for NK cell function 

testing in patients with low numbers, but full understanding of these patients may require 

research level interventions to be able to measure the cytotoxic function of individual NK 

cells. Finally, it is important to try and minimize the time from blood draw to performance of 
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NK cell functional assays as the ex vivo presence of stress hormones and other related 

substances can disproportionally impact NK cell function [58]. Irrespective, when there is a 

clinical suspicion for NKD the repeated assessment of NK cell number and function is 

needed to demonstrate the stability of the defect and raise the suspicion of the diagnosis. 

Without a genetic diagnosis, I recommend 3 independent evaluations separated by one 

month and recommend obtaining both functional tests if possible to provide additional 

clarity. Given that there are a variety of tests available in the clinical laboratory environment 

and others described in research reports, I have attempted to summarize some of those that 

are more frequently used with regards to NKD patients (Table 1).

From a clinical standpoint and to raise an index of suspicion it is important to understand 

what clinical problems patients with NKD typically have. This can be derived from what has 

been defined by genetically defined NKDs and also from the evolving experience of learning 

what is and what is not NKD. As a unifying theme, patients with NKD have atypical 

consequences with herpesviruses and/or problems with papilloma viruses. These features 

have consistently been reported for the known NKDs. In theory, NKD could present an 

increased risk for malignancy and there have been a few identified in individuals with NKD, 

particularly EBV-driven [59, 60] and HPV-driven [31] cancers and as such most reported 

appear to be virally-driven. An overview of these concerns has been reviewed and 

commented upon by others [47]. For now, the malignancy risk is more theoretical, and as 

NKD patients are collected and followed for prolonged periods more clarity will be 

obtained. In my experience, however, the highest yield for NKD is in patients that have had 

non-CNS atypical manifestations of a herpesvirus (or multiple herpesviruses). Many have 

also had some warts that can be a bit more difficult to treat and some have had molluscum. 

Again, atypical manifestations of herpesviral infection outside of the CNS is what I believe 

should raise concern.

A formal recounting of the clinical characteristics of the NKD cohort that we have collected 

over the years and in collaboration with many clinical immunologists is beyond the scope of 

this present perspective but is certainly planned. I am also particularly interested in which 

characteristics of patients help predict what ultimately was correctly diagnosed with NKD. 

This of course, requires a critical mass of diagnosed patients, which is perhaps not too far 

off. Some patients with NKD have presented at young ages but others surprisingly later on. I 

believe this is a feature of having a critical infectious exposure at a critical time, uncovering 

a vulnerability leading to a clinical manifestation of NKD.

Management and Treatment concepts in NKD

Once a diagnosis of NKD is established, unfortunately there is far less in the way of specific 

guidance as to what to do clinically for the patient. A few things can be gleaned from 

existing case reports and genetically described cases of NKD, but there is no prospective 

evidence supporting any particular intervention. Thus, in considering how to manage and 

treat these patients one is left to their best judgment based upon the clinical history, active 

issues and ongoing concerns. Please note that while there are FDA-approved medications 

approved for treating the types of infections that NKD patients experience there are no 

specific indications for their use in NKD. Here I will also share some of my own experience 
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with these patients, knowing that there is not enough at presence to represent any organized 

cumulative experience.

Upon establishing a diagnosis of NKD, I find it useful to determine whether a patient has 

experienced other herpesviral infections via immunoglobulin G (and M) titer testing, and if 

they have to obtain viral nucleic acid tests to ensure that they are not actively infected. If a 

patient is naïve to certain herpesviruses it does raise the consideration of prophylactic 

therapies, whereas if they are actively infected and experiencing clinical ramifications of that 

infection it suggests potential treatments.

With regards to prophylaxis, for patients who are naïve to herpesviruses, providing passive 

immunity via polyclonal immunoglobulin depending upon the clinical history and 

availability of active vaccination for the particular infection are an extreme but available 

option. Hyperimmune immunoglobulin, particularly for CMV, is probably best reserved for 

a difficult to treat infections in the context of NKD as directed by clinical circumstances, and 

not for prophylaxis. When there were only live viral vaccines available for Varicella Zoster 

Virus (VZV), I was always somewhat concerned about administering the vaccine to a patient 

with NKD in order to try and bolster adaptive immunity to VZV, but now would recommend 

utilizing recombinant zoster vaccine if possible (although the applicability of this vaccine in 

the young is questionable). I also recommend providing human papilloma virus vaccination 

(HPV) given the concern over susceptibility to HPV in NKD. Given the presumed cost-

benefit, current likelihood of natural exposure and lack of other known vaccine-related 

illness in NKD patients, I also do recommend providing MMR if required by schedule. 

Providing prophylaxis with drugs, such as acyclovir is a topic worth considering. At present 

there is little to no experience, as most current patients have presented with these types of 

infections, perhaps owing at least to some degree to selection bias. That said, I recommend 

holding on any prophylaxis and instead being sensitive to any early signs of herpesviral 

infection or exposure.

The concepts related to treatment of an active infection in an NKD patient, however, are 

different than those I use for prophylaxis. If an NKD patient is actively infected with HSV or 

VZV, I treat with acyclovir, famciclovir or valacyclovir. If there is active CMV, I similarly 

treat with valganciclovir. If the infections are particularly severe or recalcitrant, I have used 

intravenous treatment, typically in collaboration with a specialist in infectious diseases. For 

patients with recurrent HSV, I have provided prophylaxis with one of these antivirals using a 

recommended suppression regimen. The need to continue the regimen is really only best 

determined by the recurrence of infection when the prophylaxis is stopped. As is known in 

the general HSV suppression literature, recurrences can be reduced after a period of 

prophylaxis. I have worked with patients, however, who have had recurrence of infection 

whenever prophylaxis is stopped. In my own practice continual treatment to prevent 

herpesviral clinical infections in patients having already had recurrent disease is a mainstay.

A final therapeutic concept in the treatment of patients with NKD are the use of 

immunostimulants that could either augment an antiviral response independently of NK cells 

or could potentially augment NK cell function in the context of NKD itself. Essentially any 

of the immunostimulants described to have function against viral infection have the potential 
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to be helpful to NKD patients struggling with viral illness. These include injectable 

interferon (IFN)-α, IFN-γ and some of the topical innate immune stimulants used in the 

treatment of warts such as imiquimod and sinecatechins. In the face of a defective NK cell 

response the ability to stimulate other relevant antiviral defenses has the potential to be 

useful. I have used these as would be indicated by the particular infection or manifestation a 

patient is experiencing but do not have enough collected experience to make any 

recommendation, other than to remind physicians that they are available and theoretically 

useful. Both interferon (IFN)-α and IFN-γ, in addition to inducing antiviral responses, are 

potent stimulators of NK cells in vitro [61] and can stimulate NK cell function in vivo [62, 

63]. Other cytokine therapeutics such as interleukin (IL)-2 are also known to increase NK 

cell cytotoxicity in vitro [64] and in vivo [65]. In our experience NK cells from some NKD 

patients do not respond in vitro to these cytokines, but in other instances there is a slight 

increase in NK cell cytotoxicity measured in vitro. It is hard to know if this could be relevant 

clinically if administered to patients to induce some NK cell function. IL-2 has been used in 

PID with defective NK cell function and has increased NK cell function ex vivo [66]. While 

there is not enough experience in NKD patients to suggest this option, if a patient’s NK cells 

mediate some cytotoxic function after IL-2 stimulation it is perhaps something to consider 

while being acutely aware of all of the potential adverse events from these types of systemic 

treatments.

There are in theory, curative options for NKD although this is formative at best. While I 

have personally never referred a patient with NKD for transplantation, there have been 

descriptions in the literature of patients who have successfully received hematopoietic stem 

cell transplantation [67]. Presumably severity of historical/presenting illness and concern for 

future outcome have represented a driver in these cases. The advent of adoptive virus 

specific T cells (VST), however, represent a newer opportunity to help eradicate virus by 

redirecting a patient’s or an unrelated individual’s T cells to the virus. While this is presently 

only in the realm of research and for those who have persistent and measurable viral 

replication, it represents a direction of interest [68]. I am aware of some application of VST 

in NKD but there is not enough experience to make any judgment of utility.

A therapeutic question that patients often raise regards the value of certain nutritional 

supplements and other commercially available preparations that claim to induce immunity or 

even NK cells. I do not have experience with these and cannot make any recommendations. I 

am also not aware of any evidence for their use in the context of these types of NKD or 

related PID conditions. I do encourage patients to maintain adequate nutrition and other 

evidence-supported general measures that promote immune function, but with the 

explanation that they are unlikely to specifically help with the patient’s NKD. I do 

recommend regular and recommended health screenings, especially as advised for the 

conservative surveillance of cancer screening given the mostly theoretical connection of 

reduced NK cell activities to cancer susceptibility (the association to which has been 

considered in detail elsewhere [47]).
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Future needs and directions in NKD

NKD represents a PID diagnosis associated with a refined set of susceptibilities, as is 

increasingly common for PIDs. There are a number of genetic etiologies which are 

biologically insightful and can be useful in conferring a definitive diagnosis. The NKD field, 

however, is in its infancy as diagnoses themselves are just coming into focus and the broader 

context of some of the genetic associations is not yet clear. The proper identification of new 

patients and the ongoing collection of their data and experiences will help us, reduce 

ascertainment bias, identify true signals, and better understand who should be considered for 

NKD and what might be useful for their health and best outcomes. I do believe that coming 

years will provide further advances as there are both increasing numbers of patients in my 

experience, new potential genetic diagnoses as well as useful new insights into the 

underlying biology of NKD. This will undoubtedly lead to better approaches to considering 

and managing NKD both diagnostically and clinically.
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Figure 1: 
NKD is a subset of PID that affect NK cells, which are a subset of PID overall. Thus NKD is 

a sub-subset of PID in which the NK cell abnormality is the majority immunological defect 

contributing to the clinical immunodeficiency. From a genetic standpoint, of the 359 PIDs 

defined in the most recent IUIS classification document over 50 that have been genetically 

defined affect NK cells (left). Of these 50, six can be considered as causing NKD in which 

they share a majority NK cell defect and a common susceptibility to herpesviral infection. 

The genes identified as causing these NKDs are listed on the right and include defects 

affecting NK cell function, development or both. All but one of the genes causing NKD 

(FCGR3A) can also be associated with broader immunological defects and thus only a 

subset of patients having aberrations in these genes will have NKD. This is depicted in the 

image on the right by overlaying NKD (dashed teal elipse) with the defects caused by the 

genes. Please note that in the case of IRF8, this represents only the diseases caused by 

biallelic damaging variants in the gene. This concept and schematic are modified from and 

build upon a previously published image [23].
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Table 1:

Methods for evaluating NK cells and their functions

Method Useful
for 
cNKD

Useful
for 
fNKD

Pro Con

Standard lymphocyte subset 
analysis (flow cytometry)

Yes No Easily obtained, inexpensive Many labs use combined reagents for 
CD56 and
CD16 losing resolution for NK cell 
maturity

NK cell subset analysis 
(flow cytometry)

Yes Yes Can detect aberrations of NK cell 
development as well as CD16 
deficiency using B73.1 anti-CD16

Offered by very few clinical laboratories 
and age- and context-specific normal 
ranges are unclear

NK cell degranulation - 
CD107a upregulation (flow 
cytometry)

Some Yes Easily obtained surrogate for 
cytotoxic function. Not as affected by 
intercurrent illness.

Cells can degranulate or be very low in 
number and be defined as normal but still 
not kill. Not sensitive to aberrant 
development where NK cells can 
degranulate but not be armed as killers.

NK cell cytotoxicity – K562 
target cell killing (51Cr-
release or flow cytometry)

Yes Yes Gold-standard assay for NK cell 
function. Measures many steps in the 
process of NK cell lytic function

Sensitive to numerous factors including 
significant illness. Needs to be repeated to 
ensure stability.

Antibody dependent cell-
mediated cytotoxicity – 
ADCC (51Cr-release or flow 
cytometry)

Yes Yes Useful alternative assessment of NK 
cell killing as well as distinct 
signaling pathways that NK cells use 
to access cytotoxicity.

Few laboratories perform. Rare examples 
of discordance from K562 killing (such as 
FCGR3A)

NK cell cytokine production 
(intracellular flow 
cytometry)

Some Yes Immature NK cells can be more 
effective cytokine producers.

Not clinically widely available. Not 
specifically diagnostic for any NKD at 
present.

Cytokine-induced NK cell 
function (cytotoxicity or 
flow cytometry)

Yes Yes Determines if NK cells possess 
ability to respond and can acquire 
function.

Not clinically widely available. Not 
specifically diagnostic for any NKD at 
present.

Research-level evaluations Yes Yes Can be biologically quite insightful, 
such as in vitro NK cell development.

Only available through research protocols 
and require extensive controls and context
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