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Introduction
Congenital and neonatal infections cause substantial morbidity and mortality worldwide. Why human fetal 
immune system development and function enhances susceptibility to infectious diseases is incompletely 
understood (1). Our understanding of  the development of  the human immune system in the fetus and 
newborn is limited by availability of  specimens, and thus relies heavily on insights from appropriate animal 
models and more readily accessible peripheral blood samples. However, mouse models of  immune devel-
opment are limited by species-specific differences in the timing of  key developmental events, such as the 
coincidence of  the transition of  hepatic to medullary hematopoiesis with parturition. Furthermore, recent 
studies (2, 3) have highlighted the diversity of  the immune system profile in tissues versus the bloodstream, 
arguing that studying human immune development using only peripheral blood is necessarily incomplete.

NK cells, members of  the innate lymphoid cell (ILC) family, play important roles in cytotoxicity and 
cytokine production (4, 5). Human fetal (6–8) and umbilical cord blood (UCB) (9–14) NK cells have been 
suggested to be phenotypically and functionally immature compared with adult NK cells. In the mouse, 2 
major subsets of  NK cells (or ILC1s) have been defined based on their requirement for transcription fac-
tors of  the T-box family; helper (hILC1s) require T-bet, whereas cytotoxic (cILC1s) require Eomes (15, 
16). Murine T-bet–dependent hILC1s are enriched in liver and other mucosal organs and are the predomi-
nant ILC1 population found in the neonate, whereas postnatal expression of  Eomes directs differentiation 
of  the cILC1 subset, which increases in frequency as neonatal pups reach weaning and young adulthood 
(15, 17). In contrast, recent studies have demonstrated that tissue-resident NK cells in the human are 
Eomes+, while the majority of  circulating NK cells are T-bet+ (18, 19). Whether there is also differential 
distribution of  Eomes+ and T-bet+ NK cells according to age in the human remains to be established.

In both mice and humans, the presence of  NK cell precursors in multiple tissues suggests that NK cell 
development can occur both in the bone marrow and in extramedullary tissues (14, 20). Human NK cell 
development has been characterized according to surface expression of  CD34, CD117, CD94, and CD16 
on cells lacking T cell, B cell, DC, and myeloid markers (21): stage 1 are CD34+CD117–CD94–CD16–; stage 
2 are CD34+CD117+CD94–CD16–; stage 3 are CD34–CD117+CD94–CD16–; stage 4 are CD34–CD117+/–

Immaturity of the immune system of human fetuses and neonates is often invoked to explain 
their increased susceptibility to infection; however, the development of the fetal innate immune 
system in early life remains incompletely explored. We now show that the most mature NK cells 
found in adult (or postnatal) human circulation (CD94–CD16+) are absent during ontogeny. Human 
fetal NK cells were found to express the 2 signature T-box transcription factors essential for the 
development of all murine NK and NK-like cells, eomesodermin (Eomes) and T-bet. The single-cell 
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mature NK cells marked by greater abundance of T-bet. We also observed a stereotyped pattern of 
tissue-specific NK cell maturation during human ontogeny, with fetal liver being more restrictive 
to NK cell maturity than fetal bone barrow, spleen, or lung. These results support the hypothesis 
that maturation of human NK cells has a discrete restriction until postnatal life, and provide a 
framework to better understand the increased susceptibility of fetuses and newborns to infection.
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CD94+CD16–; and stage 5 are CD34–CD117+/–CD94+CD16+. A proposed stage 6 refers to the most termi-
nally mature NK cells that express CD57 and possess memory-like features (20). Based on ex vivo profiling 
and in vitro culture assays, it has been suggested that these NK cell populations represent sequential stages 
of  NK cell development, with the exception of  stage 6 memory NK cells, which may arise directly from 
either stage 4 or stage 5 cells. Loss of  DC and T cell lineage potential occurs at stage 3 and restriction to 
the NK cell lineage was thought to occur at that point; however, it is now appreciated that stage 3 cells thus 
defined are a heterogeneous population that contains precursors capable of  differentiating into other ILC 
lineages. Similarly, stage 4 cells are not NK lineage restricted, as recent evidence suggests that they can be 
further dissected based on expression of  NKp80, with the NKp80– stage 4a cells exhibiting features consis-
tent with ILC3 cells and the NKp80+ 4b cells appearing more consistent with classical NK cells based on 
expression of  T-bet, Eomes, and IFN-γ (22). Continued differentiation after acquisition of  CD16 (stage 5) 
is suggested by several lines of  evidence demonstrating that NK cell functional maturation is characterized 
by downregulation of  CD94/NKG2A and acquisition of  killer immunoglobulin receptors (KIRs) (14, 23, 
24). This basic framework of  human NK cell development is largely accepted, but how anatomical location 
and appearance during ontogenesis shape the NK cell repertoire remains underexplored.

Results
To investigate human NK cell ontogeny, we established a collection of  de-identified discarded fetal tis-
sue from elective terminations of  pregnancy at 14 to 22 weeks. We adopted the conventional scheme of  
adult human NK cell development (20) with the refinement to stage 5 suggested by Eissens et al. (14), and 
defined stages 3 to 5b as lineage-negative  (Linneg: depleted of  T cells, B cells, DCs, monocytes, granulocytes, 
erythroid cells, and CD34+ precursor cells) CD161-expressing cells that were additionally CD94–CD16– 
(stage 3); CD94+CD16– (stage 4); CD94+CD16+ (stage 5a); and CD94–CD16+ (stage 5b) (Supplemental 
Figure 1, A and B; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.90063DS1). CD117 staining was inconsistent on our specimens, possibly as a result of  the enzy-
matic digestion necessary to process whole organs, so we used CD161 expression to approximate the stages 
of  NK cell development, as all CD117+ NK cells are also CD161+, and CD161 is expressed on all NK cell 
stages from stage 3 on (21). As with the CD34–CD117+CD94–CD16– population, defining stage 3 cells 
as LinnegCD161+CD94–CD16– includes other ILC precursors and is thus a heterogeneous population (see 
below and Supplemental Figure 2). CD56 expression is conventionally used to define human NK cells; we 
found that unlike adult NK cells that express differential levels of  CD56 (i.e., bright vs. dim), fetal NK cells 
were uniformly CD56bright (Supplemental Figure 1C), and thus we did not routinely include it in the staining 
panel. We did not include quantification of  memory-like stage 6 cells in our analyses because although the 
adult peripheral blood mononuclear cells (PBMCs) and spleen specimens were variably CD57+, all fetal 
specimens were consistently CD57 negative (data not shown).

We first defined the range of  NK cells present in fetal tissues (liver, bone marrow [BM], spleen, and 
lung), UCB, and adult samples. In adult spleen and blood, NK cells of  all 4 developmental stages are 
evident, with the majority being the most mature stages 5a and 5b. In all fetal tissues examined, by con-
trast, stage 5b cells were generally absent (Figure 1, A and B). UCB from full-term pregnancies, however, 
appeared to contain a small but detectable subpopulation of  stage 5b cells, suggesting that CD94–CD16+ 
NK cells arise either during the last trimester of  gestation or at the time of  parturition. The low frequency 
of  stage 5b cells at the 2 time points for which a direct comparison can be made (UCB compared with adult 
blood and fetal spleen compared with adult spleen) indicates that a substantial portion of  human NK cell 
maturation occurs postnatally. In fetal BM, lung, and spleen, stage 5a cells are the predominant subset; 
however, in fetal liver there is an enrichment of  the more immature stage 4 cells. These inter-organ differ-
ences in the fetus reveal dynamic tissue-specific regulation of  NK cell development and suggest a role for 
the microenvironment in shaping the local NK cell repertoire.

To examine the transcriptional regulation of  human NK cell development, we analyzed T-bet and Eomes 
expression in all developmental stages. In contrast to the mouse, both T-bet and Eomes expression is evident 
in human fetal NK cells (Figure 2). Stage 3 cells in all tissues are mainly EomesloT-betlo, consistent with stage 
3 representing a heterogeneous population of  both NK and other ILC precursors (20), and confirmed by 
NKp80 and CD127 staining (Supplemental Figure 2A). Stage 4 contains 2 populations with reciprocal levels 
of  Eomes and T-bet expression. All fetal tissue and adult spleen stage 4 cells exhibit either an EomeshiT-betint 
(referred to as Eomeshi) or an EomesintT-bethi (referred to as T-bethi) profile. Fetal liver stage 4 cells are almost 
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exclusively Eomeshi, fetal lung stage 4 contain more Eomeshi than T-bethi cells, and fetal BM, fetal spleen, 
and adult spleen stage 4 have equal proportions of  Eomeshi and T-bethi cells. In the periphery (UCB and 
adult peripheral blood), stage 4 cells are almost exclusively T-bethi. NKp80 staining, which has been shown 
to dissect stage 4 NK cells, was similar in Eomeshi and Tbethi populations, with both containing NKp80– and 
NKp80+ cells (Supplemental Figure 2B). As cells progress to stage 5a, in all tissues except fetal liver, T-bethi 
cells are the predominant population; in the fetal liver there are equal proportions of  Eomeshi and T-bethi cells. 
Likewise, stage 5b cells in fetal liver are equally divided between Eomeshi and T-bethi populations (data not 
shown), whereas other fetal, UCB, and adult stage 5b cells are T-bethi. Prenatal immaturity of  human NK cell 
development, therefore, does not appear to be restricted at the level of  Eomes expression, which might have 
been predicted from the absence of  Eomes-expressing NK cells in the murine fetus.

The pattern of  Eomes and T-bet staining recapitulates what has been shown in adult human liver 
samples (18, 19), where a distinct population of  EomeshiT-betlo cells has been identified. This Eomeshi 
population is described as coexpressing CXCR6 and CD69 as markers of  tissue residency, with reports 
differing on whether the Eomeshi cells are more or less cytotoxic than peripheral blood T-bethi NK cells 
(18, 19, 25). A similar CXCR6+CD69+ population is also described in human lymphoid tissue (26), 
although the relative expression of  Eomes and T-bet was not examined. We therefore examined CXCR6 
and CD69 expression in our samples, and found that all Eomeshi NK cells, regardless of  tissue or stage, 
coexpress CXCR6 and CD69 (Figure 3). T-bethi NK cells are uniformly CXCR6 negative, but have vari-
able CD69 expression, with T-bethi cells in the fetal liver and fetal lung being evenly divided between 
CD69– and CD69+. The majority of  T-bethi cells in fetal bone marrow, fetal spleen, and adult spleen 

Figure 1. Fetal tissues contain fewer mature NK cells than umbilical cord blood and 
adult samples. (A) Representative flow cytometry plots of CD94 and CD16 expression 
on lineage-negative (Linneg: depleted of T cells, B cells, DCs, monocytes, granulocytes, 
erythroid cells, and CD34+ precursor cells) CD161+ lymphocytes from indicated tissues. 
Fetal samples are from an 18-week gestational age specimen. (B) Mean frequencies 
± SEM of LinnegCD161+ cells of indicated stages from indicated tissues. Fetal bone 
marrow, n = 20; fetal liver, n = 23; fetal lung, n = 11; fetal spleen, n = 15; umbilical cord 
blood (UCB), n = 6; adult peripheral blood mononuclear cells (PBMCs), n = 4; adult 
spleen, 6 independent measurements made on n = 2 specimens. Significance deter-
mined using 2-way ANOVA with Bonferroni post-hoc tests. *P < 0.001, **P < 0.05 
compared with adult PBMCs; ***P < 0.001 compared with all other tissues.
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Figure 2. Both Eomes- and T-bet–expressing NK cells are found in fetal tissues and Eomeshi cells are enriched in stage 4 and fetal liver. (A) Repre-
sentative flow cytometry plots of intracellular Eomes and T-bet expression on lineage-negative (Linneg: depleted of T cells, B cells, DCs, monocytes, 
granulocytes, erythroid cells, and CD34+ precursor cells) CD161+ cells gated on indicated stages based on CD94 and CD16 expression from indicated 
tissues. (B) Mean frequencies ± SEM of stage 3 (top), stage 4 (middle), and stage 5a (bottom) EomesloT-betlo (L), Eomeshi (E) and T-bethi (T) NK cells in 
indicated samples. Fetal bone marrow, n = 20; fetal liver, n = 23; fetal lung, n = 11; fetal spleen, n = 15; umbilical cord blood (UCB), n = 6; adult periph-
eral blood mononuclear cells (PBMCs), n = 3; adult spleen, 5 independent measurements made on n = 2 specimens. Significance determined using 
2-way ANOVA with Bonferroni post-hoc tests. **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant).
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are CD69–. These data demonstrate that this distinct subset of  EomeshiCX-
CR6+ NK cells is established prenatally. As we were able to analyze organs 
in the fetus (bone marrow, lung, and spleen) that were not included in the 
adult analyses, our results further suggest that the EomeshiCXCR6+ NK cell 
population is not specific to any particular organ but rather represents tissue-
resident NK cells as opposed to circulating NK cells.

The enrichment of  Eomeshi cells in fetal liver and stage 4 suggests that 
these cells represent a more immature stage than T-bethi cells. We there-
fore examined developmentally regulated surface and intracellular proteins 
amongst Eomeshi and T-bethi cells. KIRs are the major activating/inhibito-
ry receptors expressed by NK cells and their expression is developmental-
ly acquired (24). There are higher percentages of  KIR-expressing stage 5a 
cells than stage 4 cells in all tissues (Figure 4A). Within each stage, more 
T-bethi cells express KIRs than do Eomeshi cells. The proportion of  T-bethi 
cells that express KIRs is similar in all tissues, pre- and postnatal, with the 
exception of  fetal liver, which contains significantly fewer T-bethi cells that 
express KIRs (Figure 4A). NKG2A is a major inhibitory receptor on NK 
cells and its downregulation has been shown to correlate with terminal NK 
cell maturation (24). NKG2A median fluorescence intensity (MFI) decreases 
with acquisition of  KIRs, and Eomeshi cells have higher NKG2A MFI than 
T-bethi cells (Figure 4B). Granzyme B and perforin are intracellular proteins 
required for NK cell cytotoxicity (27). Granzyme B and perforin expression 
is generally limited to stage 5 cells (Figure 5). Granzyme B is significantly 
higher in T-bethi cells vs. Eomeshi cells in most tissues. The only fetal tissue 
with perforin expression comparable to adult NK cell levels is fetal lung, and 
herein T-bethi cells express greater levels of  perforin than Eomeshi. These data 
suggest that T-bethi cells may be more mature than Eomeshi cells, but that 
there is dynamic tissue-specific regulation within fetal life.

To further test the hypothesis that Eomeshi cells are less mature than T-bethi 
cells, we studied their developmental kinetics using an established in vitro cul-
ture system (28, 29). Starting from hematopoietic stem cells, LinnegCD161+ cells 
arise at approximately 14 days of  culture and continue to increase in frequency 
over time (Figure 6A). The more immature stages 3 and 4 are evident at early 

time points, while the more mature stage 5a cells arise later (Figure 6B). There is no significant appearance 
of  the most mature stage 5b cells in this culture system. At the earliest time points when LinnegCD161+ cells 
are evident (day 14), stage 4 cells are almost exclusively Eomeshi, whereas the few stage 5a cells present 
contain equal percentages of  Eomeshi and T-bethi cells (Figure 6, C and D). By day 21, stage 4 cells contain 
an equal proportion of  Eomeshi and T-bethi cells, while stage 5a cells are almost exclusively T-bethi. By day 
28, both stages contain significantly more T-bethi cells than Eomeshi cells. At all time points examined, stage 
3 cells are almost exclusively EomesloT-betlo (data not shown). These data are consistent with a model in 
which Eomeshi cells are more immature than T-bethi cells, although direct precursor-product assessment 
could not be addressed. It is possible that the depletion of  Eomeshi NK cells at the later time points in this 
culture system reflects decreased survival, increased apoptosis, or the absence of  specific microenvironmen-
tal signals rather than continued differentiation to the T-bethi stage.

Discussion
We demonstrate that a major difference between early-life and adult NK cells lies in the distribution of  
stages 3–5b, with significant restriction of  the development of  stage 5b cells until after birth. One could have 
hypothesized that early-life NK cells contribute to the relative immune deficiency of  fetuses and neonates 
by being less functional. Our data instead support a model where, on a per-population basis, the NK cells 

Figure 3. Eomeshi cells are CXCR6+CD69+. Representative flow cytometry plots of 
Eomeshi and T-bethi NK cells showing CXCR6 and CD69 staining. Experiment was per-
formed 3 times; n = 4 for fetal specimens and n = 2 for adult spleen.
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present contain the same functional machinery 
as their adult counterparts, but the full comple-
ment of  all NK cell subsets has yet to develop. 
Further studies aimed at understanding how the 
microenvironment of  the fetus/neonate restricts 
the final maturation steps of  NK-poiesis will be 
crucial to helping us understand the limitations 
of  fetal/neonatal immune responses.

Our finding that human NK cells appear to 
utilize T-box family transcription factors in a reciprocal manner to what has been described in the mouse 
underscores the importance of  performing studies in human samples. We confirm the presence of  an 
EomeshiCXCR6+ NK cell population in the human liver, extend the description of  this population to other 
organs not examined in adult specimens, and establish the development of  this population prenatally. We 
show that the Eomeshi NK cells express fewer KIRs, perforin, and granzyme B, and more of  the inhibi-
tory receptor NKG2A than the T-bethi NK cells. Using an in vitro culture assay, we further show that the 
Eomeshi NK cells arise earlier than the T-bethi NK cells. Together, these data support the notion that the 
Eomeshi NK cells represent a more immature NK cell population than the T-bethi NK cells. This is consis-
tent with the finding that graded levels of  T-bet and Eomes correlate with advancing stages of  human NK 
cell maturation, with Eomes expression decreasing and T-bet expression increasing as NK cells acquire 
functional maturity (30). However, these data do not exclude an alternative model in which Eomeshi NK 
cells represent an alternative lineage, whose development may occur preferentially within tissues, and 
whose function may be uniquely suited to the microenvironment of  those tissues. Further experiments will 
be necessary to distinguish between these models.

Our data also demonstrate significant tissue-specific variation within the fetal NK cell compartment, 
with regard to distribution of NK cell stages, distribution of Eomeshi and T-bethi NK cells, and expression 
of proteins involved in NK cell cytotoxicity. The fetal liver is enriched in immature NK cells compared with 
other fetal organs; similarly the adult liver contains fewer CD16+ NK cells and the CD16+ NK cells pres-
ent have reduced cytotoxicity compared with their peripheral blood counterparts (31). In the adult liver, that 
immune responses are more likely to result in tolerance is hypothesized to be a result of the immunosup-
pressive environment that results from constant low-level LPS exposure and food antigens from the gut (32).  
Whether the mechanisms that lead to an immunosuppressive environment and those that appear to restrict 
development are similar is an unanswered question, but our data suggest that this unique hepatic microen-
vironment may be established in utero, prior to any significant exposure to food antigens from the gut and 

Figure 4. Eomeshi cells are less mature than T-bethi 
cells based on killer immunoglobulin receptor 
(KIR) and NKG2A expression. (A) Mean frequen-
cies ± SEM of KIR expression (based on pan-KIR 
staining for KIR2DL1, KIR2DS1, KIR2DL2, KIR2DS2, 
KIR2DL3, KIR2DS3, KIR2DS4, and KIR2DS5) on 
lineage-negative (Linneg: depleted of T cells, B cells, 
DCs, monocytes, granulocytes, erythroid cells, 
and CD34+ precursor cells) CD161+ stage 4 and 5 
Eomeshi (open circles) and T-bethi (closed circles) 
cells from indicated tissues. Fetal bone marrow 
(BM), n = 7; fetal liver, n = 8; fetal lung, n = 9; fetal 
spleen, n = 8; umbilical cord blood (UCB), n = 6; adult 
spleen, 5 independent measurements made on n = 2 
specimens. (B) Median fluorescence intensity (MFI) 
± SEM of NKG2A on KIR-negative and KIR-positive 
Eomeshi (open circles) and T-bethi (closed circles) 
stage 5a (CD94+CD16+) cells from indicated tissues. 
Fetal BM, n = 7; fetal liver, n = 8; fetal lung, n = 9; 
fetal spleen, n = 8; UCB, n = 2; adult spleen (Adult 
S.), 5 independent measurements made on n = 2 
specimens. Significance determined using 2-way 
ANOVA with Bonferroni post-hoc tests. *P < 0.05, 
***P < 0.001, ****P < 0.0001. ns, not significant.
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presumably to intestinal bacterial coloniza-
tion. In contrast, fetal lung NK cells express 
higher levels of perforin than in any other 
fetal tissues, at a level comparable to adult 
NK cells. It is possible that this tissue-specif-
ic regulation reflects exposure of fetal lung 
to amniotic fluid, but further work remains 
to be done. Continued investigation into 
the mechanisms that regulate human NK 
cell development in situ will be critical to 
understanding and ultimately treating the 
increased susceptibility to infection that 
fetuses and newborns exhibit.

Methods
Acquisition of  tissue. Fetal tissues (liver, femurs, spleen, lung) were obtained from de-identified discarded 
elective terminations of  pregnancy up to 24 weeks of  gestational age. Products of  conception with known 
karyotype or structural abnormalities, known maternal or fetal infection, or the result of  miscarriage were 
not included in the study. Umbilical cord and adult peripheral blood were obtained from the New York 
Blood Bank. Adult spleen was obtained as discarded surgical samples.

Lymphocyte isolation from tissues. Tissue samples were maintained in cold sterile PBS and brought to 
the laboratory within 4 hours of  procurement. Samples were processed as described (2). Briefly, fetal liver 
and lung were first minced and incubated at 37°C in enzymatic digestion media: complete RPMI 1640 
(Thermo Fisher) containing 10% FBS (Serum Source International), penicillin/streptomycin (Thermo 
Fisher), L-glutamine (Thermo Fisher), nonessential amino acids (Thermo Fisher), and HEPES (Thermo 
Fisher) with collagenase D (1 mg/ml, Roche), DNase I (0.1 mg/ml, Roche), and trypsin inhibitor (1 mg/
ml, Roche). Digested tissue was further mechanically dissociated by pushing through a 70-μm filter and 
pelleted by centrifugation. Fetal spleen was mechanically dissociated using the back of  a syringe and push-
ing through a 70-μm filter. Femurs were washed extensively and flushed with complete RPMI as above. We 
did not detect CD9 staining in any fetal tissues (data not shown), confirming that our specimens were not 
contaminated with maternal uterine NK cells. Adult spleen was minced and incubated at 37°C in diges-
tion media (RPMI with 2% FCS, collagenase D (0.1 mg/ml, Roche), and DNase I (0.1 mg/ml, Roche); 
digested tissue was pushed through a 70-μm strainer and washed with complete RPMI without enzymes. 
The cell pellets were washed 3 times with complete RPMI (without enzymes) and red blood cells were 
lysed with ACK lysis buffer (Lonza). Lymphocytes were isolated via centrifugation using lymphocyte sepa-
ration media (LymphoPrep, Stemcell Technologies). Lymphocytes were isolated from umbilical cord and 

Figure 5. Eomeshi cells are less mature than 
T-bethi cells based on granzyme B and perforin 
expression. (A) Representative flow cytom-
etry histogram showing median fluorescence 
intensity (MFI) of granzyme B and perforin 
expression on 15-week gestational age lung 
specimen stage 5a cells gated on Eomeshi (blue 
line) and T-bethi (red line) cells compared to 
Eomeslo T-betlo (L) stage 3 cells (shaded gray 
histogram). (B) Mean frequencies ± SEM of 
granzyme B or perforin MFI on Eomeshi (open 
circles) and T-bethi (closed circles) cells from 
indicated tissues and stages. Fetal bone mar-
row (BM), n = 5; fetal liver, n = 6; fetal lung, n 
= 7; fetal spleen, n = 6; umbilical cord blood 
(UCB), n = 6; adult spleen (Adult S.), 4 indepen-
dent measurements made on n = 2 specimens. 
Significance determined using 2-way ANOVA 
with Bonferroni post-hoc tests. *P < 0.05, ***P 
< 0.001, ****P < 0.0001. ns, not significant.
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adult peripheral blood using ACK lysis buffer and centrifugation over LymphoPrep. Cells were counted 
and cryopreserved at 10 × 106/ml in 10% DMSO (Sigma-Aldrich)/90% FCS.

NK cell isolation and flow cytometric analysis. Cryopreserved cells were thawed in warmed complete RPMI 
media and immediately washed. They were then incubated for 10 minutes in complete RPMI with DNase 
I (0.1 mg/ml, Roche). Cells were pelleted by centrifugation and counted with trypan blue exclusion dye 
(Sigma-Aldrich) to determine viability. Cell recovery ranged from 50% to 100% of  initial number and via-
bility was greater than 90%. Pilot experiments were performed on fresh unfrozen cells in comparison to 
thawed cryopreserved cells with no differences noted in cell surface markers examined, so cryopreserved 
cells were used in all experiments. As our interest was focused on the later stages of  development when T-bet 
and Eomes are expressed, and to facilitate identification of  rare NK cell populations from fetal tissues, we 
enriched for NK cells by negative selection using the Human NK Cell Isolation Kit (Miltenyi Biotec) before 
staining for flow cytometric analysis, thus depleting our samples of  CD34+ precursors as well as T cells, B 
cells, DCs, monocytes, granulocytes, and erythroid cells (data not shown). The following fluorochrome-
conjugated anti-human antibodies were used for surface staining: CD3 (eF450, clone UCHT1; PerCPeF710, 
clone OKT3), CD9 (PE, clone eBioSN4), CD14 (eF450 or PerCP-Cy5.5, clone 61D3), CD19 (eF450 or 
PerCP-Cy5.5, clone HIB19), CD38 (PE, clone HB7), CD127 (FITC, clone eBioRDR5), CD158a/h/g 
(FITC, clone HP-MA4), CD161 (eF450 or PerCPeF710, clone HP-3G10) (all eBioscience); CD16 (APC-
Cy7, clone 3G8), CD34 (APC, clone 581), CD94 (PerCP-Cy5.5, clone HP-3D9) (all 3 from BD Biosci-
ences); CD69 (FITC, clone FN50), CXCR6 (PE, clone K041E5) (both BioLegend); CD158 (FITC, clone 
180704), NK2GA (PE, clone 131411) (both R&D Systems). Dead cells were excluded using Live/Dead 
(AmCyan, Molecular Probes). For intracellular/intranuclear staining, after surface staining cells were fixed 
and permeabilized according to the manufacturer’s instructions using an Intracellular Fixation and Permea-
bilization Kit (eBiosciences) and the following fluorochrome-conjugated anti-human intracellular antibodies 
were used: Eomes (PEeF610, clone WD1928), perforin (FITC, clone dG9), T-bet (eF660, clone 4B10) (all 
eBioscience); and granzyme B (PE, clone GB11, BD Biosciences). Stained cells were acquired on an LSRII 
or LSR Fortessa (BD Biosciences) and analyzed using FlowJo software (Treestar). For sorting, stained cells 
were acquired and sorted on an LSR Aria (BD Biosciences); a small sample of  post-sort cells was always 
retained and acquired on an LSRII or LSR Fortessa to evaluate for post-sort purity.

Figure 6. Eomeshi cells appear before T-bethi cells in an in vitro NK cell development culture system. (A) Mean frequencies ± SEM of lineage-negative 
(Linneg: depleted of T cells, B cells, DCs, monocytes, granulocytes, erythroid cells, and CD34+ precursor cells) CD161+ cells on days 14, 21, and 28 of culture 
on EL08.ID2 cells. Each data point represents cells derived from a unique hematopoietic stem cell (HSC) source performed in 2 independent experiments. 
(B) Mean frequencies ± SEM of indicated stages of NK cell development on days 14, 21, and 28 of culture on EL08.ID2 cells; n = 4, representative of 2 inde-
pendent experiments each performed with unique HSC sources. (C) Representative flow cytometry plot of intracellular Eomes and T-bet staining on indi-
cated stages from day 14 of culture on EL08.ID2 cells. (D) Mean frequencies ± SEM of Eomeshi (open circles) and T-bethi (closed circles) cells from indicated 
stages on days 14, 21, and 28 of culture on EL08.ID2 cells; n = 4, representative of 2 independent experiments each performed with unique HSC sources.
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HSC isolation and EL08.ID2 in vitro culture system. Hematopoietic stem cells (HSCs) were isolated 
from cryopreserved fetal liver or bone marrow, and first purified via a single round of  positive selection 
using a human CD34 Microbead Kit (Miltenyi Biotec) followed by surface staining and sorting on an 
LSR Aria (BD Biosciences). A small sample of  cells were always retained and acquired on LSRII or 
Fortessa to evaluate for post-sort purity, which was routinely greater than 97%. HSCs were defined as 
Linneg (CD3–CD14–CD19–CD161–), CD34+, and CD38–. The murine embryonic liver cell line EL08.1D2 
(a gift from Jeffrey Miller (University of  Minnesota, Minneapolis, Minnesota, USA) and Elaine Dzier-
zak (University of  Edinburgh, Edinburgh, United Kingdom) was cultured on gelatinized plates at 32°C 
in 41.5% α–minimum essential medium (α-MEM; Thermo Fisher), 50% Myelocult (M5300; Stemcell 
Technologies), 7.5% FBS, with 50 μM β-mercaptoethanol (Sigma-Aldrich), penicillin/streptomycin 
(Thermo Fisher), and hydrocortisone (1 μM, Sigma-Aldrich). Before coculture with progenitor cells, 
EL08.1D2 cells were irradiated (3,000 rads). Sorted HSCs (50 per well) were plated in a 96-well plate on 
an irradiated confluent monolayer of  EL08.1D2 cells in Ham’s F12 (Thermo Fisher) plus DMEM (1:2 
ratio, Thermo Fisher) with 10% human male AB serum (Sigma-Aldrich), 25 μM β-mercaptoethanol, 
ethanolamine (50 μM, Sigma-Aldrich), sodium selenite (50 ng/ml, Sigma-Aldrich), ascorbic acid (2 
mg/ml, Sigma-Aldrich), and penicillin/streptomycin. At the start of  cultures, IL-3 (5 ng/ml), IL-7 
(10 ng/ml), IL-15 (10 ng/ml), stem cell factor (10 ng/ml), and Flt3-Ligand (10 ng/ml) were added (all 
human recombinant cytokines from Peprotech). Cultures were refed weekly by 50% volume change and 
supplemented with the previously mentioned cytokines except IL-3. Cells were harvested at indicated 
time points for analysis by flow cytometry.

Statistics. Statistical significance was calculated using 2-way ANOVA and adjusted for multiple com-
parisons by Bonferroni post-hoc tests using Prism (GraphPad Software). A P value less than 0.05 was 
considered significant.

Study approval. For fetal tissue acquisition, members of  the Division of  Family Planning at Columbia 
University Medical Center identified products of  conception from pregnancies that were eligible for inclu-
sion but had no role in study design or execution. The study does not qualify as human subjects research, 
as confirmed by the Columbia University IRB who reviewed and assigned an approval number to the pro-
tocol (AAAK3206), because tissue samples were obtained from nonviable, deceased fetuses and the study 
authors had no identifying information about the products of  conception except gestational age. Adult 
spleen was obtained under IRB protocol AAAN7655.
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