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Recent reports on the characteristics of naive human 
pluripotent stem cells (hPSCs) obtained using independent 
methods differ. Naive hPSCs have been mainly derived by 
conversion from primed hPSCs or by direct derivation from 
human embryos rather than by somatic cell reprogramming. 
To provide an unbiased molecular and functional reference, 
we derived genetically matched naive hPSCs by direct 
reprogramming of fibroblasts and by primed-to-naive 
conversion using different naive conditions (NHSM, RSeT, 
5iLAF and t2iLGöY). Our results show that hPSCs obtained 
in these different conditions display a spectrum of naive 
characteristics. Furthermore, our characterization identifies 
KLF4 as sufficient for conversion of primed hPSCs into naive 
t2iLGöY hPSCs, underscoring the role that reprogramming 
factors can play for the derivation of bona fide naive hPSCs.

Human embryonic stem cells (hESCs) and human induced 
pluripotent stem cells (hiPSCs) are typically maintained in a 
‘primed pluripotent state’ similar to the state in which mouse 
epiblast stem cells (EpiSCs) are maintained1. Naive pluripotency 
represents an earlier stage of development that differs from the 
primed state in signaling state, metabolic requirement, colony 
morphology, single-cell cloning efficiency, transcriptional and epi-
genetic profiles, and chimera formation. Multiple protocols have 
been published to derive and maintain naive hPSCs2–7 that exhibit 
some characteristics of human inner cell mass (ICM) cells, but 
different characteristics have often been reported in each study. 
This has complicated the identification of a consensus standard 
for characteristics possessed by naive hPSCs4,5,7–10. Furthermore, 
it has been reported that the naive state (characterized by two 

active X chromosomes in female lines) can reset common abnor-
malities of X chromosome inactivation found in female primed 
hPSCs11,12 enabling proper de novo X inactivation upon differen-
tiation11. Importantly, these different characteristics could affect 
downstream applications in basic research and clinical translation 
(reviewed in ref. 13). Published protocols have primarily focused 
on conversion from primed cells2–6 or direct derivation from 
human embryos3,5–7,9. Here, using five distinct methodologies 
and genetically matched cells, we investigated whether fibroblasts 
could be directly reprogrammed into naive-like hiPSCs and com-
pared these cell lines molecularly and functionally.

RESULTS
Reprogramming of human fibroblasts in naive culture 
conditions
We first converted primed hiPSCs (derived from two donors, 
32F and 55F) in NHSM, 5iLAF3,5, t2iLGöY7 and RSeT condi-
tions (Supplementary Fig. 1a and Supplementary Table 1) 
(RSeT is a commercial medium based on NHSM). As previously 
reported, we could derive naive-like cells by exposing primed 
cells to NHSM, RSeT or 5iLAF conditions (termed cNHSM, 
cRSeT and c5iLAF); but the t2iLGöY condition did not produce 
naive hiPSCs since NANOG and KLF2 expression are required 
for conversion4. We observed round, dome-shaped colonies in 
RSeT and 5iLAF conditions, in contrast to flat colonies in the 
primed condition and colonies with an intermediate phenotype in 
the NHSM condition (Supplementary Fig. 1b). Immunostaining 
showed that all cell lines were positive for pluripotency mark-
ers TRA-1-60, NANOG and OCT4, consistent with previous 
reports3,5 (Supplementary Fig. 1c). As reported for mouse naive  
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ESCs14, cNHSM, cRSeT and c5iLAF cells (but not primed 
lines) exhibited nuclear enrichment for TFE3 (Supplementary  
Fig. 1c). Furthermore, only c5iLAF cells expressed KLF17, a naive- 
associated marker and lacked expression of SSEA3 (Supplementary 
Fig. 1c). Conversely, primed, cNHSM and cRSeT cells were posi-
tive for SSEA3 and negative for KLF17.

Next, we attempted to reprogram human fibroblasts with 
Sendai viruses expressing OCT4, SOX2, KLF4 and c-MYC 
(OSKM) under primed, NHSM, RSeT, 5iLAF and t2iLGöY con-
ditions (Fig. 1a and Supplementary Table 1). We generated 
naive rNHSM, rRSeT and r5iLAF hiPSCs; and although it has 
not been previously reported, we also obtained naive hiPSCs 
in the t2iLGöY condition. These cells exhibited similar colony 
morphologies (Fig. 1b) and marker expression (Fig. 1c) to the 
corresponding converted naive cells (Supplementary Fig. 1b,c). 
Additionally, naive rt2iLGöY cells, like c5iLAF and r5iLAF cells, 
were positive for KLF17 and negative for SSEA3 (Fig. 1c and 
Supplementary Fig. 1c).

We further investigated a panel of cell-surface markers for 
primed and/or human naive cells9,15–17 and employed spanning-
tree progression analysis of density-normalized events (SPADE) 
and viSNE18–20 to allow multidimensional separation and visu-
alization of cell populations. Naive rRSeT cells and primed cells 
clustered closely in SPADE trees and viSNE maps, as they were 
positive for CD24, SSEA3, SSEA4, F11R, NLGN4X and TRA-1-60 
(Fig. 1d,e and Supplementary Fig. 2a). In contrast, r5iLAF and 
rt2iLGöY cells clustered separately, and they were negative for 
CD24, SSEA3, SSEA4 and NLGN4X but TRA-1-60 low and F11R 
high (Supplementary Fig. 2a,b). Interestingly, naive rNHSM cells 
exhibited an intermediate phenotype (positive for CD24, SSEA4, 
F11R and TRA-1-60) while displaying low expression of SSEA3 and 
NLGN4X (Supplementary Fig. 2a). In summary, surface marker 

profiling confirmed previous reports using CD24, SSEA3, SSEA4 
and NLGN4X9,15–17 and revealed that high levels of F11R expres-
sion are characteristic of naive r5iLAF and rt2iLGöY cells, which 
distinguishes them from naive rNHSM, rRSeT and primed cells.

Naive hiPSCs obtained in different conditions represent 
a spectrum of naive characteristics whether derived by 
conversion or reprograming
We performed whole-transcriptome profiling on our cohort 
of genetically matched naive and primed hiPSCs (from at least 
two different donors) derived via media conversion and repro-
gramming at early and late passages. Expression profiles showed 
that naive c5iLAF, r5iLAF and rt2iLGöY hiPSCs upregulated 
naive-associated genes and repressed primed-related genes  
(Fig. 2a). Upregulation of naive pluripotency-related genes 
in NHSM and RSeT naive hiPSCs was moderate (Fig. 2a). 
Hierarchical clustering (Fig. 2b) and multidimensional scal-
ing (MDS) (Supplementary Fig. 2c) showed that naive c5iLAF, 
r5iLAF and rt2iLGöY hiPSCs clustered together, separately 
from primed cells. Interestingly, naive NHSM hiPSCs adopted 
an intermediate expression profile. Although hundreds of genes 
were differentially expressed between primed and naive cRSeT  
or rRSeT cells, they clustered closely to primed cells. Importantly, 
naive hiPSCs obtained by primed-to-naive conversion or repro-
gramming clustered together within each condition (Fig. 2b). 
We then compared these transcriptomes with previous stud-
ies3–5 and with a human ICM data set21. MDS revealed that our  
naive c5iLAF, r5iLAF and rt2iLGöY hiPSCs are transcription-
ally analogous to reported naive hESCs cultured in 5iL/A or  
6iL/A and t2iL+Gö conditions4,5 (Fig. 2c). Moreover, these pop-
ulations clustered closest to cells from the human ICM21, which 
indicates, from a transcriptional viewpoint, that these naive 
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Figure 1 | Direct reprogramming of human fibroblasts into naive hiPSCs under different conditions. (a) Schematic overview for direct generation of 
different types of naive hiPSCs via somatic cell reprogramming using the Sendai viral system and indicated culture conditions. (b) Resulting colony 
morphologies (scale bars, 250 µm). (c) Immunofluorescence staining for pluripotency markers TRA-1-60, SSEA3, NANOG and OCT4 and naive-associated 
markers KLF17 and TFE3 (scale bars, 25 µm). (d,e) Multidimensional representation of flow cytometry data for primed and different types of naive hiPSCs 
by (d) viSNE map and (e) SPADE tree.
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cells are more similar to the in vivo ground state counterpart.  
In addition, we observed that naive r5iLAF and rt2iLGöY 
hiPSCs exhibited a slower growth rate than that of primed  
cells (Supplementary Fig. 2d and Supplementary Table 2).  
In contrast, naive cRSeT and rRSeT cells, while distinct from 
primed cells, clustered apart from cells of the human ICM. 
Furthermore, our naive cNHSM and rNHSM cells clustered 
together with the originally derived NHSM hiPSCs and showed 
an intermediate expression pattern between primed and naive 
5iLAF and t2iLGöY cells. Remarkably, the RNA-seq-based clus-
tering is consistent with the marker-based SPADE and viSNE 
analyses, and this suggests the usefulness of the panel of cell-
surface markers we identified to distinguish naive hiPSCs from 
primed cells.

Consistent with reports using converted naive hESCs4,9,10, 
Methyl-Seq target enrichment bisulfite sequencing indicated 
a global DNA hypomethylation pattern in naive r5iLAF and 
rt2iLGöY hiPSCs (Fig. 2d), a phenomenon characteristic of 
human early blastocysts22. In contrast, naive rNHSM and 
rRSeT hiPSCs exhibited global DNA methylation levels similar 
to those of primed hiPSCs (Fig. 2d). Moreover, differentially 
methylated regions (DMRs) within imprinted loci, reported 
to be lost in 5iLAF and t2iL+Gö naive hESCs converted from 
primed cells9,10,23, also showed loss of methylation in the naive 
r5iLAF and rt2iLGöY hiPSCs obtained by direct reprogram-
ming, whereas the methylation of these regions was maintained 
in primed, naive rNHSM and rRSeT hiPSCs (Fig. 2e). Repriming 
of naive rt2iLGöY hiPSCs obtained by direct reprogramming 
reversed global DNA hypomethylation; however, the loss of pri-
mary imprinted DMRs was not re-established (Fig. 2d,e and 
Supplementary Fig. 2e), as was similarly observed for naive 
5iLAF hESCs9,10.

Genomic stability and differentiation potential of naive cells
The reported chromosomal instability in naive PSCs5,9 is a con-
cern to the field in general. We analyzed our cells for up to 20 
passages and confirmed karyotypic instability in naive c5iLAF 
and r5iLAF hiPSCs (Fig. 3a). However, the majority of other 
cell lines analyzed, both primed and naive (cNHSM, rNHSM, 
cRSeT, rRSeT and rt2iLGöY), exhibited normal karyotypes or a 
low degree of instability. We detected abnormalities in one of our 
rt2iLGöY cell lines (55F), but karyotypic analysis of the original 
fibroblasts revealed a pre-existing abnormality (Fig. 3a). Overall, 
in our hands, naive NHSM, RSeT and t2iLGöY hiPSCs can be 
maintained for 20 passages without gaining substantial chromo-
somal abnormalities, unlike naive 5iLAF hiPSCs.

We performed teratoma assays to evaluate the differentiation of 
naive hiPSCs. Naive r5iLAF and rt2iLGöY hiPSCs did not form 
teratomas (0/2 and 0/4, respectively) in comparison to primed 
(2/2), naive rNHSM (2/2) and rRSeT (2/2) hiPSCs (Fig. 3b). We 
do not exclude that naive r5iLAF and rt2iLGöY cells might pro-
duce teratomas at low frequency when more experiments are per-
formed, as has been previously demonstrated4,5. Nevertheless, our 
results indicate that naive r5iLAF and rt2iLGoY cells are less pro-
ficient at forming teratomas compared to the other conditions.

We also assessed the potential of cell lines to form embryoid 
bodies (EBs) and quantified trilineage potential using ScoreCard 
assays24,25. All cell lines formed EBs (Fig. 3c), but only primed, 
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Figure 2 | Transcriptional and epigenetic characterization of naive 
hiPSCs. (a) Heatmap depicting expression levels of pan-pluripotent, 
primed and naive pluripotency-associated marker genes in media-
converted and reprogrammed cell types. (b) Unsupervised hierarchical 
clustering for media-converted and reprogrammed cell types. Sample 
distances between samples was calculated using Euclidean distance 
and clustering performed using complete linkage method. Height is the 
distance metric between clusters calculated with the complete linkage 
method. (c) Multidimensional scaling analysis integrating primed 
and naive hiPSCs derived in this study with previously published data 
sets3–5,21. (a–c) Two donors (32F and 55F) were used to generate all 
the hiPSCs except for cNHSM (one donor, 32F). Each dot represents a 
different cell culture sample per indicated condition. (d) Box plot of 
global DNA methylation status of reprogrammed primed and naive hiPSCs. 
The box plot shows 25/75th percentile, the line is the median value of all 
analyzed regions in one replicate, and the box plot whiskers extend to the 
most extreme point, 1.5 times the interquartile range from the box.  
(e) Heatmap of their DNA methylation status at primary imprinted loci. 
(For methylation studies, n = 1; donor 32F was used).
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naive rNHSM and rRSeT hiPSCs showed trilineage differentiation 
(Fig. 3d,e). In contrast, naive r5iLAF and rt2iLGöY hiPSCs formed 
EBs that primarily expressed markers of differentiation into the 
mesoderm germ layer (Fig. 3d). We hypothesized that triline-
age differentiation potential could be restored after pluripotency  
priming (Supplementary Fig. 2e). Our results showed that upon 
priming of naive rt2iLGöY hiPSCs, the cells could generate both 
teratomas and EBs with trilineage potential (Fig. 3b–e). In sum-
mary, naive rNHSM and rRSeT hiPSCs showed trilineage dif-
ferentiation potential, whereas naive rt2iLGöY hiPSCs required 
pluripotency priming to give rise to all three germ layers, which 
possibly reflects a developmental requirement.

We further validated that naive hiPSCs generated by integra-
tion-free mRNA (unmodified non-self-replicating RNA mol-
ecules) in rt2iLGöY conditions appear to be highly similar, both 
morphologically and molecularly, to cells derived using the Sendai 
system (Supplementary Fig. 3).

Primed hPSCs conversion to naive hPSCs by OSKM
In previous studies, primed cells were converted to the t2iL+Gö 
naive state by the overexpression of NANOG and KLF2 (ref. 4). 
We tested whether transient OSKM overexpression could also be 
employed to convert established human primed hPSC lines to the 
naive t2iLGöY state (Fig. 4a). Round dome-shaped colonies were 
observed after a few passages in wells transduced with OSKM 
(termed ct2iLGöY OSKM) (Fig. 4a). Naive cells regained KLF17 
and lost SSEA3 immunoreactivity and exhibited enhanced nuclear 
localization of TFE3 (Fig. 4b). Transcriptionally they clustered 
with c5iLAF, r5iLAF and rt2iLGöY hiPSCs and cells of the human 
ICM (Fig. 4c). Importantly, these cells were karyotypically stable 
after 20 passages (Fig. 4d).

Primed hPSCs conversion into naive hPSCs by KLF4 alone
Given that naive rt2iLGöY hiPSCs are karyotypically stable and 
exhibit a transcriptome similar to that of human ICM cells, we  
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investigated them further. We examined how the proteome of 
rt2iLGöY hiPSCs differs from that of primed cells (Fig. 5a and 
Supplementary Table 3) and found several enzymes indicative of 
high oxidative phosphorylation metabolism (citrate synthase (CS), 
isocitrate dehydrogenase 3 alpha (IDH3A), nicotinamide nucleotide 
transferase (NNT)) upregulated. Moreover, elevated levels of cell–cell 
adhesion proteins such as F11R, AHNAK nucleoprotein (AHANK) 
and plectin (PLEC) were detected in naive rt2iLGöY hiPSCs, and 
these elevated levels were potentially associated with the dome-
shaped colonies observed. The most significant protein groups 
expressed at lower levels in naive rt2iLGöY hiPSCs, compared with 
primed cells, were associated through gene ontology analysis with 
mitotic nuclear division. We also found a reduced level of DNMT3B 
but an elevated level of DNMT3L in naive rt2iLGöY hiPSCs (Fig. 
5a), which is similar to the pattern found in naive 5iLAF hESCs9. 
Despite the fact that Takashima and colleagues demonstrated that 
conversion of primed hPSCs in the t2iL+Gö condition required the 
temporary expression of NANOG and KLF24, we did not find KLF2 
to be expressed at the protein or RNA level in naive rt2iLGöY cells. 
A similar finding has been reported for cells of the human ICM21,26. 
Intriguingly, we observed a high level of expression of endogenous 
KLF4 at both the RNA and protein levels (Fig. 5a), which indicated 
that KLF4 may play an important role in regulating human naive 
pluripotency. Additionally, we observed the highest levels of KLF4 
expression in cell types identified to cluster closely to human ICM 
(r5iLAF and rt2iLGöY). Conversely, KLF4 expression levels were 
intermediate for rNHSM and rRSeT hiPSCs and lowest for primed 
hiPSCs (Fig. 5b and Supplementary Table 4). On this note, Klf4 
has been demonstrated to be crucial for the establishment of naive 
pluripotency in the mouse system27,28.

We tested whether primed hESCs and hiPSCs could be repro-
grammed to the naive state using just KLF4 in the t2iLGöY condition 
(Fig. 5c). We observed round dome-shaped colonies in wells trans-
duced with KLF4 Sendai viruses (termed ct2iLGöY K) (Fig. 5c), and 
immunostaining demonstrated that ct2iLGöY K cells had gained 
KLF17 and lost SSEA3 immunoreactivity and exhibited enhanced 
nuclear localization of TFE3, which is typical of naive phenotypes 
(Supplementary Fig. 4a). ct2iLGöY K cells were karyotypically  

stable for at least 20 passages (Supplementary Fig. 4b), but 
KLF4 alone converted primed hPSCs to the ct2iLGöY state at a 
2–3-fold lower efficiency when compared with the efficiency of 
using OSKM (Supplementary Fig. 4c–e and Supplementary  
Table 5). On a transcriptional level, HC and MDS revealed that 
naive ct2iLGöY K cells generated from both hESCs and hiPSCs were 
transcriptionally similar to naive rt2iLGöY and ct2iLGöY OSKM 
hPSCs and cells of the human ICM but distinct from conventional 
primed hESCs/hiPSCs (Fig. 5d and Supplementary Fig. 5a).

To assess homogeneity of naive ct2iLGöY OSKM, ct2iLGöY 
K and rt2iLGöY hiPSCs, we performed single-cell targeted  
transcriptional profiling for primed and naive pluripotency-
related genes. Clustering by principal component analysis (PCA) 
showed mutually exclusive groups of human primed and naive 
cells. Importantly, the profiles of ct2iLGöY OSKM, ct2iLGöY 
K cells and rt2iLGöY cells overlapped to form a tight group 
(Supplementary Fig. 5b). This finding was further confirmed by 
Fruchterman Rheingold similarity cluster analysis (Fig. 5e). Violin 
plots revealed that naive cells homogenously expressed markers 
previously associated with naive pluripotency, while markers for 
the primed state were absent or expressed at low levels (Fig. 5f). 
We validated the conversion using the KLF4 mRNA transfection 
system. After 15 d of continuous transfections, we observed typical 
colonies and immunostaining patterns for ct2iLGöY K cells con-
verted from primed hESCs/hiPSCs (Supplementary Fig. 5c,d).  
Collectively, we showed that primed cells can be converted into 
naive t2iLGöY cells with OSKM or KLF4 and that the resulting 
cell populations were homogeneous.

Next, we investigated how KLF4 facilitates the conversion of 
primed hPSCs to a naive-like state in t2iLGöY medium. FACS 
analysis of primed cells (no KLF4) or primed cells transduced 
with KLF4 (+KLF4) followed by transition into t2iLGöY medium 
on day 2 revealed that by day 6, ‘no KLF4’ cells displayed differen-
tiation as indicated by loss of the pluripotency markers TRA-1-60 
and EPCAM. Conversely, the majority of primed cells transduced 
with KLF4 still expressed both markers, which indicated that 
KLF4 was able to maintain the phenotype of primed cells in the 
t2iLGöY condition (Supplementary Fig. 6a).
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Subsequently, we assessed initial transcriptional changes result-
ing from KLF4 induction. We performed RNA sequencing using 
cells transduced with KLF4 (and no KLF4 controls) collected on 
day 2 (before transition into t2iLGöY medium) and day 6 (4 d after 
transition into t2iLGöY medium). Analyses revealed 242 and 178 
genes differentially expressed between no KLF4 and +KLF4 cells 
on days 2 and 6, respectively. The top three gene ontology catego-
ries were extracellular matrix organization, epidermis develop-
ment, and negative regulation of cell proliferation (Supplementary  
Fig. 6b,c). These categories are consistent with t2iLGöY cells growing  

as dome-shaped colonies and dividing more slowly than primed 
hPSCs, suggesting that initial effects of KLF4 overexpression are 
related to changes in cell morphology and dampening of the cell  
cycle. Furthermore, ACOX1, the first enzyme of the fatty acid 
beta-oxidation pathway, was upregulated following KLF4 trans-
duction on both days 2 and 6, which suggested changes in metab-
olism as early as day 2, before cells were changed into the t2iLGöY 
condition. Core naive and primed pluripotency-associated  
transcription factors in no KLF4 and +KLF4 cells on day 2 showed 
mild downregulation for TFs associated with the primed state 
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Figure 5 | Conversion of primed hPSCs to naive t2iLGöY state by KLF4 alone. (a) Volcano plot depicting relationships between fold change and 
significance P value of expressed transcripts (RNA-seq) for primed (two iPSC cultures derived from 32F and one from 55F, n = 3) versus rt2iLGöY (three 
iPSC cultures derived from 32F, n = 3) and proteins (mass spectrometry; upregulated proteins indicated in orange, downregulated proteins indicated 
in blue) for human primed (three iPSC cultures derived from 32F, n = 3) versus naive rt2iLGöY (three iPSC cultures derived from 32F, n = 3) hiPSCs. 
The horizontal dashed bar represents a −log10 of an adjusted P value of 0.05, and vertical bars represent a log2 fold change of −1 and 1. (b) Dot plot 
depicting levels of endogenous KLF4 expression in primed, rNHSM, rRSeT, r5iLAF and rt2iLGöY hiPSCs (n = 2 cell donors: 32F iPSC and 38F iPSC; error bars, 
s.e.m.). (c) Schematic representation of experimental design for primed-to-naive conversion using KLF4 alone via Sendai transduction and transition into 
t2iLGöY condition (top panel), and bright-field images of cultures before and after transduction. Scale bars, 250 µm (bottom panels). (d) Unsupervised 
hierarchical clustering of naive ct2iLGöY K hiPSCs/hESCs (n = 2 cell donors, H9 ESC and 32F iPSC) as well as primed (n = 3 cell donors, H9 ESC, 32F iPSC 
and 55F iPSC) and naive rt2iLGöY hiPSCs (two iPSC cultures derived from 32F, n = 2) integrated with a previously published human ICM data set21.  
(e) Fruchterman Rheingold similarity analysis. (f) Violin plots depicting the distribution of expression of a particular gene for all the single cells 
belonging to the specified group (white dot indicates the median, thick black line indicates the interquartile range, and the thin black line indicates the 
95% confidence interval). For primed hiPSCs (32 cells), naive rt2iLGöY hiPSCs (41 cells), naive ct2iLGöY OSKM hiPSCs (19 cells) and naive ct2iLGöY K 
hiPSCs (18 cells), 32F background; LOD, limit of detection; Ct, cycle threshold.
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(most pronounced for OTX2) and upregulation of TFs associated 
with the naive state (KLF5, DPPA3, TBX3, UTF1 and DNMT3L); 
while, conversely, the expression of pan-pluripotency genes OCT4, 
EPCAM and NANOG were unchanged. The trend of upregulation 
of TFs associated with the naive state was maintained on day 6 
in +KLF4 cells; however, there was pronounced downregulation 
of pluripotency-associated genes OCT4 and NANOG in no KLF4 
cells (Supplementary Fig. 7).

DISCUSSION
Naive mouse PSCs derived from the ICM of blastocysts can 
generate chimeric animals when injected into preimplantation 
embryos1,13. Importantly, naive mouse and rat PSCs have been 
used to generate interspecies chimeras in proof-of-concept stud-
ies, and this has enabled the generation of a mouse pancreas in a 
developing rat embryo and also the generation of a rat pancreas in 
a developing mouse embryo29,30. However, as discussed, human 
PSCs have commonly been cultured in primed conditions. Only 
recently, complex factor cocktails have been identified and used 
to stabilize human PSCs in naive-like states, and this resulted in 
the naive-permissive media evaluated in this study.

Through systematic characterization of genetically matched 
naive-like cells generated using different culture conditions, we 
have revealed cell states with distinct functional and molecular 
features with some more closely resembling cells from human 
ICM. Naive hiPSCs obtained and cultured in NHSM and RSeT 
conditions were mostly karyotypically stable, and they maintain 
correct DNA methylation patterns at primary imprinted loci and 
form teratomas; and, while these hiPSCs had upregulated some 
naive-associated genes, MDS clustered the cells near primed 
cells. In contrast, 5iLAF and t2iLGöY protocols generated hiPSCs 
closely resembling human ICM cells in terms of transcriptome 
and global DNA methylation levels, albeit primary imprinted 
DMRs were lost. Furthermore, unlike t2iLGöY hPSCs, naive 
5iLAF hPSCs were karyotypically unstable in our hands.

We also found that transient expression of OSKM or KLF4 alone 
in primed cells is sufficient for conversion to naive t2iLGöY hiP-
SCs. We showed that overexpression of KLF4 rapidly triggers 
upregulation of naive-related genes and is required to initially 
maintain the pluripotent state in t2iLGöY conditions. Notably, 
similar conversion of EpiSCs to ESCs was achieved with expression 
of Klf4 alone in mouse 2iL culture conditions27,28, and knockdown 
of KLF4 disrupted naive t2iL+Gö hESCs4. Collectively, this indi-
cates an essential role for KLF4 in controlling human naive gene 
circuitry and suggests that further studies are needed to delineate 
the regulatory mechanisms of human naive pluripotency.

The work presented here provides an alternate methodology 
to directly generate karyotypically stable naive hiPSCs that are 
similar to human ICM using OSKM to reprogram fibroblasts or 
OSKM/KLF4 to convert primed hPSCs in t2iLGöY conditions. 
How important these characteristics are is dependent on the 
downstream application. For example, despite having no clear 
ICM signature, recent reports indicate that NHSM cells integrate 
into early pig embryos more efficiently than naive-like cells gener-
ated by the forced expression of NANOG and KLF2 (ref. 29); this 
implies that trans-species chimerism may not be dependent on 
an ICM-like signature. The molecular and functional differences 
observed in these naive hPSCs suggest that pluripotency exists in a 
continuum. The different media studied captured cell populations  

at related but distinct regions of this continuum, and this sug-
gests fluidity in the characteristics of these cells related to media 
composition rather than a fully defined discrete state of human 
pluripotency. We envision this study will facilitate the establish-
ment of conditions allowing generation of cells fully resembling 
human naive pluripotent cells of the early embryo and serve as a 
model system for mechanistic and clinical studies.

Methods
Methods, including statements of data availability and any associ-
ated accession codes and references, are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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