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Interleukin 15 (IL-15) is one of the most important cytokines regulating the biology of
natural killer (NK) cellsl. Here we identified a signaling pathway involving the serine-
threonine kinase AKT and XBP1s, a transcription factor that regulates unfolded protein
response genes?3, that was activated in response to IL-15 in human NK cells. 1L-15 induced
the phosphorylation of AKT, which led to the deubiquitination, increased stability and
nuclear accumulation of XBP1s protein. XBP1s bound to and recruited the transcription
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factor T-BET to the gene encoding granzyme B, leading to increased transcription. XBP1s
positively regulated the cytolytic activity of NK cells against leukemia cells and was also
required for IL-15-mediated NK cell survival through an anti-apoptotic mechanism. Thus,
the newly identified 1L-15-AKT-XBP1s signaling pathway contributes to enhanced effector
functions and survival of human NK cells.

Unspliced XBPI mRNA, known as XBPI1u, encodes an unstable cytoplasmic protein with
no transactivation domains. As a result of unconventional splicing mediated by the serine/
threonine-protein kinase/endoribonuclease, IREla, mature XBPI mRNA is converted to
XBPI1s*. The protein encoded by XBP1s can act as a transcription factor2-3, XBP1s has
multiple roles in regulating the immune response. It regulates major histocompatibility
complex class 11 (MHC 11) gene transcription in HeLa and COS cells®, as well as the
differentiation of plasma cells, eosinophils and CD8* T cells®-8. XBP1s also modulates anti-
tumor immunity by disrupting dendritic cell homeostasis®. We investigated the expression of
XBP1s in primary human NK cells purified from the blood of healthy donors in response to
interleukin 2 (IL-2), IL-12 or IL-15 for 24 h prior to analysis by flow cytometry or
immunoblot. IL-15 induced the expression of XBP1s protein, whereas IL-2 and 1L-12
showed reduced effects compared to IL-15 (Fig. 1a,b). Although IL-2 and IL-15 share the
cognate receptors IL-2Rp and IL-2Ryc on NK cells, induction of XBP1s by IL-15 was
significantly higher than that triggered by similar concentrations of IL-2 (Fig. 1b and
Supplementary Fig. 1a). This suggests that the IL-15Ra chain expressed on NK cells may
play a critical role in inducing XBP1s. In addition, the expression of transcripts for XBP1s
target genes, including ERDJ4 and SEC61AL°, was significantly increased in 1L-15-treated
primary human NK cells compared to non-treated, IL-2- or IL-12-treated cells (Fig. 1c).

We next investigated the effects of XBP1s overexpression on NK cell function. Primary
human NK cells transfected with pCDH lentivirus carrying a wild-type XBP1sgene (pCDH-
XBP1s) and co-cultured with K562, MOLM-13 or U937 leukemia cell lines had a higher
percentage of CD107a* NK cells compared to NK cells transfected with the lentivirus
carrying an empty PCDH vector ()CDH-EV) (Fig. 1d). Upon co-culture with MOML-13
target cells, the percentage of CD107a* cells in primary human NK cells transduced with
pLKO.1 lentivirus carrying XBP1 shRNAs (XBP1-knockdown, KD) was significantly
decreased (an approximately 35% reduction) compared to cells transduced with pLKO.1
lentivirus carrying scramble shRNAs (scramble-KD) (Fig. 1e). In addition, primary human
NK cell degranulation against multiple myeloma MM.1S cells was observed in IL-15-
treated, but not in non-treated primary human NK cells (Fig. 1f). When co-cultured with
MM.1S multiple myeloma cells, the percentage of CD107a* NK cells expressing XBP1s
was approximately 4-fold greater than that of CD107a* NK cells lacking XBP1s (Fig. 1f).
Moreover, the expression of XBP1s protein was significantly higher in CD107a* compared
to CD107a— primary human NK cells co-cultured with MM.1S cells (Supplementary Fig.
1b), indicating that expression of XBP1s correlates with NK cell cytotoxicity against tumor
cells. Collectively, our results suggest that IL-15 induces XBP1s protein expression and the
expression level of the transcriptional factor directly correlates with cytotoxic activity in
human NK cells.
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To investigate how XBP1s regulates NK cell function, we analyzed the expression of genes
related to NK cell effector functions, including GZMB (granzyme B), /FNG (interferon-vy),
and PRFI (perforin). Expression of GZMB and /FNG but not PRFI mRNA was higher in
pCDH-XBP1s-transduced primary human NK cells compared to pCDH-EV control NK
cells (Fig. 1a), along with increased expression of GZMB protein (Fig. 2b,c).
Overexpression of the unspliced form of XBP1, XBP1u, which can be processed into XBP1s
through IREla-mediated mRNA splicing, in primary human NK cells by transduction with
pCDH lentivirus carrying a wild-type XBP1u gene (pCDH-XBP1u) also increased the
expression of GZMB compared to pCDH-EV NK cells (Fig. 2b,c). Moreover, primary
human NK cells treated with thapsigargin (Thap), a chemical drug that induces ER stress
and IRE1a catalytic activity1?, increased XBP1s protein and GZMB mRNA and protein
when compared to NK cells without Thap treatment, in the absence or presence of IL-15
(Supplementary Fig. 2a-c). In addition, downregulation of GZMB protein expression was
observed in primary human NK cells transfected with XBP1 siRNAs compared to cells
transfected with scramble control siRNAs (Supplementary Fig. 2d,e). We also observed
decreased expression of both GZMB and /FNG genes, but not PRFI, in primary human NK
cells with XBP1-KD using shRNA, compared to scramble-KD control NK cells (Fig. 1d).
Inhibition of XBP1 mRNA splicing in primary human NK cells with 4u8C, an inhibitor of
IRE1a-mediated mRNA splicing!?, resulted in decreased expression of XBP1s protein and
suppression of 1L-15-induced GZMB protein and mMRNA compared to the cells without
4u8C treatment (Supplementary Fig. 2f-h). The expression of XBP1s protein was positively
correlated with the mRNA expression of GZMB and /FNG, all of which were induced by
treatment with 1L-15 at multiple time points in primary human NK cells (Fig. 1e). Thus,
XBP1s positively regulates the expression of GZMB and IFN-y in NK cells.

We next investigated the cellular localization of XBP1s. Immunoblot analysis of the
cytoplasmic and nuclear protein fractions in primary human NK cells treated with IL-15 for
24 h indicated that XBP1s exists almost exclusively in the nucleus following induction by
IL-15 (Fig. 2a), consistent with its role in regulating transcription2. Next, we overexpressed
T-BET and FLAG-XBP1u or FLAG-XBP1s in 293T cells. Co-immunoprecipitation
followed by immunoblot using antibodies against FLAG or T-BET indicated that
overexpressed FLAG-XBP1s interacted with T-BET (Fig. 3b,c and Supplementary Fig. 3a),
a transcriptional regulator important for NK cell function. T-BET was previously assumed to
associate with the GZMB promoter, although no specific binding sites have been
identified1314, Of note, FLAG-XBP1s did not interact with endogenous STATS in 293T
cells, an important transcriptional factor downstream of IL-15 signaling (Fig. 2c). Using
confocal imaging with antibodies identifying both XBP1u and XBP1s, and a T-BET
antibody, we observed the co-localization of T-BET and XBP1 in the nuclei of primary
human NK cells (Fig. 2d) and in the human NK cell lymphoma cell line NK-92
(Supplementary Fig. 3b). Confocal microscopy indicated that T-BET has an almost
exclusively nuclear distribution in NK cells (Fig. 2d), which was validated by staining with
an alternative antibody against T-BET in both primary NK cells and NK-92 cells
(Supplementary Fig. 3c).

Next, we tested whether XBP1s interacted with its canonical binding motifs (G/
C)ACGT16 |ocated within the GZMB proximal promoter (Fig. 2e). Chromatin
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immunoprecipitation (ChIP) indicated that XBP1s and T-BET bound to the same proximal
region of the GZMB promoter in primary human NK cells treated with IL-15, but with little
or no binding in untreated cells (Fig. 3e,f). In contrast, T-BET did not bind to the GZMB
promoter in primary human NK cells treated with 4u8C (which do not express XBP1s;
Supplementary Fig. 2g) in the presence of IL-15, compared to control cells only treated with
IL-15 (Supplementary Fig. 3d). Using a luciferase assay to evaluate GZMB promoter
activity, we observed that 293T cells transfected with XBP1s had much higher GZMB
promoter activity compared to that of the empty vector-transfected cells (Fig. 2g). Of note,
we also observed STATS binding to the GZMB promoter in primary human NK cells by
ChIP assays (Fig. 2e), consistent with previous reportsl’. STAT5 is known to positively
regulate GZMB expressiont’-19: however, STATS did not interact with FLAG-XBP1s in
293T cells by co-immunoprecipitation assays (Fig. 2¢). To test whether STAT5 was required
for GZMB induction by XBP1s we knocked down the expression of STAT5A or STAT5B
using shRNAs in 293T cells that were co-transfected with a pCDH-XBP1s or pCDH-EV and
a PGL3 vector carrying the GZMB promoter reporter (PGL3-GZMB) (Supplementary Fig.
4a). The induction of the GZMB promoter reporter by XBP1s overexpression was not
inhibited by either STAT5A-KD (279%) or STAT5B-KD (184%) in 293T cells compared to
control 293T cells (175%) (Supplementary Fig. 4b), indicating that induction of GZMB
promoter activity by XBP1s and T-BET in 293T cells does not require STATS5. Together, our
data suggest that XBP1s interacts with T-BET but not STAT5 and regulates the
transcriptional activity of GZMB via promoter binding.

XBP1 is a survival gene that protects cells from stress-induced death?%:21 and IL-15 is a
critical cytokine for NK cell survivall-22, Knockdown of XBP1 by transfection with XBP1
siRNAs resulted in increased expression of cleaved caspase-3 in primary human NK cells
compared to cells transfected with scramble siRNAs (Fig. 3a), indicating increased
apoptosis in XBP1-KD NK cells. In contrast, pPCDH-XBP1u- or pCDH-XBP1s-transduced
primary human NK cells showed decreased expression of cleaved caspase-3 compared to
pCDH-EV control NK cells (Fig. 3b). Moreover, in IL-15-activated primary human NK cells
in which XBP1 splicing was inhibited by treatment with 4u8C, cleaved caspase-3 was higher
and survival was lower compared to similarly activated cells without 4u8C treatment (Fig.
4c-f). Taken together, these data indicate that XBP1s modulates IL-15-induced survival in
human NK cells.

Next, we investigated the molecular mechanism by which IL-15 regulated the expression of
XBP1s protein. IL-15 stimulation of primary human NK cells did not increase the amount of
XBP1s mRNA compared to unstimulated NK cells, as evaluated by XBP1 splicing assays
and qPCR; however, XBP1s protein accumulated in the nucleus of IL-15-treated primary
human NK cells within 2 h of stimulation (Fig. 5a,b). IL-15 stimulation also induced the
phosphorylation of the serine-threonine kinase AKT in NK cells primarily in the cytoplasm
(Fig. 4b), as previously reported?3. Blockade of AKT phosphorylation with the AKT
inhibitor AKTi-1/224 in IL-15-stimulated primary human NK cells resulted in decreased
expression of XBP1s protein compared to cells treated with IL-15 in the absence AKTi-1/2
(Fig. 4c and Supplementary Fig. 5a). Moreover, the expression of GZMB mRNA and
GZMB protein was significantly downregulated in primary NK cells transduced with AKT1-
shRNA compared to scramble shRNA (Supplementary Fig. 5b,c). On the other hand, the
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expression of GZMB mRNA was significantly upregulated and GZMB protein was
moderately upregulated in primary NK cells transduced with a constitutively active form of
AKT (pCDH-myrAKTA4-129 encoding a 14 amino acid src myristoylation signal sequence
fused to the N-terminus of AKT delta4d—1292%), compared to cells transduced with control
pCDH-EV (Supplementary Fig. 5d,e). Treatment with AKTi-1/2 also reduced the level of
XBP1s protein in IL-15-stimulated NK cells in the presence of cycloheximide (CHX), which
blocks de novo protein synthesis and thus prevents any confounding effects of increased
protein translation?8 (Fig. 4d and Supplementary Fig.6a). These data indicate that AKT
plays a role in increasing the 1L-15-induced protein levels, but not mRNA expression of
XBP1s in primary human NK cells.

To further test whether AKT is required for maintaining the level of XBP1s protein, we co-
transfected various concentrations of pECE-myrAKTA4-129 or pECE-EV with pCDH-
FLAG-XBP1s or pCDH-EV into 293T cells. Immunoprecipitation experiments indicated
that the level of FLAG-XBP1s protein was markedly increased in a dose-dependent manner
by myrAKTA4-129 gyerexpression (Fig. 4e and Supplementary Fig. 6b), while XBP1Is
mRNA was not induced by overexpression of myrAKT24-129 (Fig. 4f), consistent with the
idea that IL-15-induced XBP1s upregulation is independent of XBPIstranscription. In
addition, co-transduction of pCDH-XBP1s and pECE-myrAKTA47129 enhanced the activity
of the GZMB promoter in 293T cells compared to transfection of pCDH-XBP1s alone
(Supplementary Fig. 6¢). These data indicate that AKT activation is required for maintaining
the level of XBP1s protein. As time advanced during a 4-h incubation, a decrease was
observed in FLAG-XBP1s protein in 293T cells transfected with pECE-EV, but not with
pECE-myrAKTA4-129 following CHX treatment (Fig. 4g and Supplementary Fig. 6d),
suggesting that signaling downstream of AKT protects XBP1s from degradation. Block of
proteosomal degradation with the cell-permeable proteasome and calpain inhibitor MG13227
recovered FLAG-XBP1s protein in pECE-EV- but not pECE-myrAKTA4-129_transfected
293T cells treated with CHX (Fig. 4g and Supplementary Fig. 6d), indicating that
overexpression of myrAKTA4-129 enhanced the protein stability of XBP1s in 293T cells.
Ubiquitination of FLAG-XBP1s was reduced following transfection of pECE-
myrAKTA4-129 compared to pECE-EV in 293T cells (Fig. 4h), while ubiquitination of
XBP1s was substantially increased in IL-15-stimulated primary human NK cells treated with
the AKT inhibitor AKTi-1/2 compared to untreated cells (Fig. 4i). Our data suggest that
AKT controls XBP1s stability, possibly through a mechanism involving the ubiquitination of
XBP1s.

Our studies describe a pathway that links IL-15 signaling with intracellular mechanisms that
contribute to NK cell cytotoxicity and survival. We show that IL-15 stabilizes XBP1s protein
through phosphorylation of AKT, allowing its downstream interaction with T-BET. T-BET
activity correlates with GZMB expression4. Yet, there are no direct T-BET binding sites on
the GZMB promoterl3.14, Based on the presence of an XBP1s binding motif within the
GZMB promoter!3, we showed that XBP1s mediates the interaction between T-BET and the
GZMB promoter, as suggested by the ability of XBP1s to bind the promoter of GZMB and
to interact with T-BET.
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We showed that AKT is involved in the regulation of XBP1s downstream of I1L-15. PI3K-
AKT signaling is stimulated by IL-2 and IL-15, with AKT phosphorylation being more
sensitive to 1L-15 than 1L-228, in agreement with our data that 1L-15 was the most potent
cytokine (among IL-2, IL-12 and IL-15) in increasing XBP1s protein expression and
function. AKT is known to regulate both protein ubiquitination and deubiquitination, with
distinct mechanisms for each process??:30, Ubiquitination and degradation of PTEN, a
natural inhibitor of the PI3K-AKT pathway, in tumor cells require the stabilization of the E3
ligase MKRN1 via AKT-mediated phosphorylation30. However, AKT also induces protein
stabilization by activating USP-14, a ubiquitin-specific protease that handles the turnover of
short-lived proteins via deubiquitination?. We showed here that AKT signaling caused the
deubiquitination and promoted the accumulation of XBP1s. Consistent with our data,
deficiency of the PI3K subunits p110y or p1106, which regulate AKT activity, has been
reported to disrupt NK cell maturation, development and cytotoxicity31:32. Moreover,
inhibition of PI3K suppresses GZMB expression in NK cells, and also decreases NK cell
cytotoxicity against tumor cells33-35, These observations are consistent with our findings
that IL-15 stimulation of NK cells caused an increase of AKT phosphorylation that
correlated with decreased degradation of XBP1s, which subsequently enhanced NK cell
degranulation following co-culture with tumor cells. Moreover, the active form of AKT,
myrAKTA47129 enhanced the XBP1s-induced transcription of GZMB. Notably,
myrAKTA4-129 glone slightly induced GZMB transcription in 293T cells, but a synergistic
effect on GZMB transcription was observed following co-transfection with XBP1s.

IL-15 promotes NK cell survival?2, However, the molecular basis of this mechanism remains
poorly understood. Our current study supports a model in which XBP1s is located
downstream of PI3K-AKT and AKT contributes to the protein stability of XBP1s in NK
cells following treatment with IL-15, eventually controlling NK cell survival. Consistent
with our data, XBP1s is known to rescue cells from pro-apoptotic processes induced by ER
stress, oxidative stress or hypoxia2921:36, The anti-apoptotic protein Bcl-2 is highly
expressed in resting NK cells3” and contributes to NK cell survival in the resting state38:39,
However, Bcl-2 appears to be redundant for survival of activated or proliferating NK cells38.
Here we found that XBP1s was highly expressed in IL-15-activated NK cells, but its
expression was relatively low in resting NK cells. Moreover, inhibition of XBP1s abolished
the survival of I1L-15-activated NK cells, but had no effect on the survival of resting NK
cells. Thus, we speculate that Bcl-2 is responsible for the survival of resting NK cells, while
XBP1s is responsible for the survival of 1L-15-activated NK cells. In conclusion, we showed
that XBP1s acts as an essential transcriptional factor downstream of IL-15 and AKT
signaling in controlling two important aspects of NK cell biology: effector functions and
survival. The IL-15-AKT-XBP1s axis may offer a potential target to improve the therapeutic
efficacy of ex vivoexpanded NK cells and/or chimeric antigen receptor (CAR)-modified NK
cells*0 for the treatment of various cancers.
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Isolation of primary human NK cells.

Cell culture.

Leukocyte-enriched peripheral blood samples of human healthy donors were obtained from
the American Red Cross. Primary NK cells were isolated using the MACSxpress® NK Cell
Isolation Kit (Miltenyi Biotec) and Erythrocyte Depletion Kit (Miltenyi Biotec). Enriched
NK cells were approximately 99% pure, which was confirmed by flow cytometry using anti-
CD3 and anti-CD56 antibodies (BD Biosciences). Primary human NK cells were used for
the experiments in this study unless otherwise indicated that the NK-92 cell line was used
for specific experiments. The protocols for human specimen collection were approved by the
IRBs of The Ohio State University.

The K562 and NK-92 cell lines were purchased from ATCC. The U937, MM.1S, and
MOLM-13 cell lines were obtained from the Caligiuri laboratory. These cell lines and
primary NK cells were cultured in RPMI 1640 medium containing L-glutamine (Sigma) and
supplemented with 10% or 20% heat-inactivated fetal bovine serum (FBS; Sigma). The
293T cell line, which was purchased from ATCC, was cultured in Dulbecco’s Modified
Eagle’s Medium, DMEM (Sigma), supplemented with 10% FBS. All cells were incubated at
37°C in a humidified incubator containing 5% CO,.

Antibodies and other reagents.

Anti-B-Actin, anti-Lamin B, anti-XBP1, and anti-T-BET antibodies were purchased from
Santa Cruz Biotechnology Inc. Anti-p-AKT (S473), anti-AKT, anti-a-Tubulin, anti-FLAG,
anti-p-STATS, anti-STAT5, anti-GZMB, anti-T-BET, anti-ubiquitin (for western), anti-
GAPDH, and anti-C-CASP3 antibodies were purchased from Cell Signaling Technology,
Inc. (CST). The anti-ubiquitin mAb for IP was purchased from MilliporeSigma. Anti-HA
antibody was purchased from Sigma. Anti-XBP1s antibody for immunoblot was purchased
from BioLegend. Anti-hCD3-APC-H7 (560176), anti-hCD56-FITC (557699), anti-hCD56-
V450 (560360), anti-hCD107a-APC (560664), anti-hCD107a-APC-H7 (561343), anti-
XBP1s (563382) and anti-hGZMB (560212) antibodies used for surface and intracellular
flow cytometry were purchased from BD Biosciences. Chemical inhibitors (4u8C, S7272;
AKTI-1/2, S7776; MG132, S2619) used in cell treatment experiments were purchased from
Selleck Chemicals. CHX (239764) was purchased from Sigma. The CellTrace™ CFSE Cell
Proliferation Kit and the Far Red Cell Proliferation Kit were purchased from Thermo Fisher
Scientific. The scramble (EHUFLUC) and XBP1 (EHU069131) esiRNAs were purchased
from Sigma. The scramble (SHC007), XBP1 (shXBP1 #1, TRCN0000019804; shXBP1 #2,
TRCNO0000019808), STAT5A shRNA (TRCN0000232134), STAT5B shRNA
(TRCN0000232140) and AKT1 shRNA (TRCN0000039797) cloned in the pLKO.1-puro
vector were purchased from Sigma. The selection marker, puromycin, in the pLKO.1-puro
vector was replaced by GFP for sorting (FACS) of transduced cells. IL-2 (#200-02), IL-12
(#200-12), and IL-15 (#200-15) were purchased from PeproTech.
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Transient transfection and lentivirus infection.

293T cells were seeded and incubated at 37°C in a 5% CO, environment until the cells were
60-80% confluent. The cells were transfected with plasmids using Lipofectamine 3000
Reagent (Fisher Scientific). NK cells were transfected with esiRNA (Sigma) using the
nucleofection method (Lonza)*!. To generate lentivirus to infect human NK cells, 293T cells
were co-transfected with pCDH expressing XBP1u, XBP1s, myrAKTA4-129 or pLKO.1
expressing XBP1 or AKT1 shRNA or corresponding control plasmids with the packaging
constructs pPCMV-VSVG and pCMV-AR9 by a ProFection® Mammalian Transfection
System (Promega). The protocols for virus production and infection were modified from our
previous reports#243, During the lentiviral infection process, IL-15 was introduced into the
cell culture to maintain survival of NK cells.

RT-PCR and XBP1 splicing assay.

Total RNA was extracted with the RNeasy Mini Kit (74106, Qiagen), and cDNA was
synthesized using random hexamers and M-MLV reverse transcriptase (Invitrogen). cDNA
was amplified by quantitative (q)-PCR with SYBR® Green PCR Master Mix (Applied
Biosystems) and gene specific primers. Relative amplification values were normalized to the
amplification of B-actin. For the XBP1 splicing assay, CDNA was amplified by PCR with
Taq DNA polymerase (Invitrogen) and gene specific primers®. The following primer
sequences were used: AXBPI forward primer: (CCTGGTTGCTGAAGAGGAGG); hXBP1
reverse primer: (CCATGGGGAGTTCTGGAG). The PCR conditions were used: 98°C for
30 sec, followed by 40 cycles of 98°C for 15 sec, 62°C for 30 sec, and 72°C for 60 sec.

Immunoblotting.

Cells were suspended in lysis buffer on ice for 1 h. Equal amounts of protein (~20 pg) were
resolved by 5-20% SDS-polyacrylamide gels (Bio-rad) and then transferred onto a PVDF
membrane (Fisher Scientific). The membrane was incubated with a primary antibody at 4°C
for 16 h and a horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room
temperature*445, The immunoblots were visualized with SuperSignal West Femto
Maximum Sensitivity Substrate (Fisher Scientific). Densitometric analysis was performed to
quantify intensity of gel bands.

Immunoprecipitation (IP).

Cell lysates were prepared with NP40 lysis buffer. For 293T cells, cell lysates were prepared
48 h after plasmid transfection unless otherwise indicated. A beads-antibody complex was
prepared using appropriate primary antibodies and Pierce™ Protein G Agarose (Fisher
Scientific), followed by IP according to the manufacturer’s protocol and as we previously
reported®3. The precipitated proteins were detected by immunoblotting.

Chromatin immunoprecipitation (ChiP).

ChIP assays were carried out with a Magna ChIP™ A/G Chromatin Immunoprecipitation
Kit (EMD Muillipore). Briefly, an equal amount (10 pg) of rabbit anti-XBP1s antibody
(BioLegend), rabbit anti-STAT5 antibody (CST), rabbit anti-T-BET antibody (CST) or
normal IgG (Santa Cruz) was used to precipitate the cross-linked DNA/protein complexes
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from 10 x 10% NK cells. After reversal of cross-linking, the precipitated chromatin of the
GZMB promoter region was detected by PCR using the following primers: forward primer:
(GGGCTCAAACACATACCTGC); reverse primer: (TGACCACATCATCACCCACAG).

Luciferase reporter assay.

Luciferase reporter assays were carried out with a Dual-Luciferase Reporter Assay System
(Promega), following our published protocol*® with modifications. After 48 h transfection,
cells on a 24-well plate were lysed in 100 pl of 1x Passive Lysis Buffer (Promega). 20 pl of
lysates were transferred to a 96-well plate. 100 ul of 1x Glo® luciferase assay substrate
(Promega) was added to each well, and firefly luciferase was collected from the transfected
pGL3 plasmid using the GloMax® 96 Microplate Luminometer (Promega). Renilla
luciferase from the co-transfected pRL-TK plasmid (as a normalized control) was collected
after injection with 100 pl of 1x Stop® Substrate (Promega).

Flow cytometry.

Cells were labeled with monoclonal antibodies at room temperature for 15 min and washed
with PBS containing 2% BSA prior to analysis using an LSRII flow cytometer (BD
Biosciences) to detect surface expression of each antigen. NK cells were gated as
CD56"CD3™ lymphocytes. For analysis by intracellular flow cytometric analysis, cells were
permeabilized and fixed using a Foxp3/Transcription Factor Fixation/Permeabilization kit
(eBioscience).

Statistical analysis.

For continuous, normally-distributed data, two-sample £tests or paired #tests were used to
compare two independent or two paired groups. Linear mixed model was used to compare
three or more groups with a variance-covariance structure due to repeated measures from the
same donors. Two-way ANOVA model was applied to the synergistic effect test between two
factors. Pvalues were adjusted for multiple comparisons using Holm’s procedure. A Pvalue
of 0.05 or less was considered statistically significant.

Reporting Summary.

Further information on experimental design is available in the Nature Research Reporting
Summary.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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units/ml) for 24 h for flow cytometric analysis (a, /7= 9 donors) and/or immunoblotting (b, »
=4 donors). ***P < 0.001 by two-tailed paired ftest. The experiment in (b) was repeated 3
times with similar results; images were cropped, and the full scans are shown in the
supplementary figures. ¢, The expression of XBP1s target genes was assessed by gPCR after
NK cells were treated as in (a,b). Bar graphs display mean = s.e.m. of 7= 3 donors. *P<
0.05 by linear mixed model. d, NK cells were transduced with an XBP1s lentiviral construct
or empty vector (EV) and 48h later were FACS-sorted for transduced GFP* cells. Sorted
cells were co-cultured with indicated leukemia cells for 4 h, followed by quantifying
CD107a* cells by flow cytometry. 7= 4 donors. *P< 0.05, **P< 0.01 by two-tailed paired ¢
test. e, NK cells were transduced with a XBP1 or a scramble shRNA lentiviral construct
(pLKO.1) and FACS-sorted for GFP* cells after 48 h, then co-cultured with the MOML13
leukemia cell line for 4 h, followed by quantification of CD107a* cells. Bar graphs display
mean £ s.d. of 7= 6 donors. **P< 0.01 by linear mixed model. f, NK cells were treated with
IL-15 for 24 h and co-cultured with the MM1.S cell line for 4 h, followed by evaluation of
XBP1s and CD107a expression by flow cytometry. 7= 8 donors. ***P< 0.001 by two-tailed
paired £test.
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Fig. 2: XBP1sregulates GZMB and | FN+y expression in NK cells.

a, NK cells were transduced with an XBP1s lentiviral construct or empty vector (EV) and 48

h later were FACS-sorted for transduced GFP* cells, which were co-cultured with K562
cells for 4 h, and then fractionated with anti-CD56 magnetic beads, followed by qPCR
analysis. Bar graphs display mean +s.e.m. of 7= 3 donors. **P< 0.01, ***£<0.001 by
Student’s two-tailed unpaired #test. b, NK cells were transduced with XBP1u, XBP1s, or
pCDH-EV by lentiviral infection and cultured with IL-15 (100 units/ml) for 48 h and then
were FACS-sorted for GFP* cells to determine XBP1s and GZMB protein expression by
immunoblotting. The experiment was repeated 3 times with similar results. ¢, Densitometric
quantification of the ratio of the level of XBP1s or GZMB protein to the level of B-Actin
protein for (b). Bar graphs display mean + s.d. of 7= 3 donors. *£< 0.05 by linear mixed
model. d, NK cells were transduced with a XBP1 or scramble shRNA lentiviral construct
(pLKO.1) and 48 h later were FACS-sorted as in (a). FACS-purified cells were co-cultured
with K562 cells for 4 h, and then fractionated with anti-CD56 magnetic beads, followed by
gPCR analysis. Bar graphs display mean +s.e.m. of 7= 3 donors. *£< 0.05 by linear mixed
model. e, NK cells were treated with I1L-15, followed by immunoblotting or gPCR analysis.
The experiment was repeated independently three times with similar results (b,e). N.S., no
significance. Blot images (b,€) were cropped, and the full scans are shown in the

Supplementary figures.
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a, Cytoplasmic and nuclear proteins were fractionated from primary human NK cells,

followed by immunoblot analysis. b, FLAG-XBP1s and T-BET were co-transfected into
293T cells, followed by immunoprecipitation (IP) and immunoblot (I1B) analyses. ¢, T-BET-
expressing 293T cells were transfected with FLAG-XBP1u, FLAG-XBP1s or the control
(pCDH) vector, followed by IP and immunoblot analyses. d, NK cells were treated with
IL-15 (100 units/ml) for 24 h, followed by immunofluorescent staining with an anti-XBP1
antibody recognizing both XBP1u and XBP1s as well as anti-T-BET and anti-p-Actin
antibodies. The nuclei were stained by DAPI (blue). ¢f, NK cells were treated with IL-15
for 16 h, followed by ChIP assays performed with specific antibody or control 1gG.
Precipitated DNA was analyzed by PCR (€) or gPCR (f). Bar graphs display mean £ s.d. of n
= 3 donors. *P< 0.05 by Student’s two-tailed unpaired ¢test. g, XBP1s or control vector was
co-transduced with a pGL3 plasmid containing the GZMB promoter and a pRL-TK plasmid
(as a control for data normalization) into 293T cells for 48 h. Cells were lysed to determine
the promoter activity of GZMB by luciferase reporter assays. Bar graphs display mean
s.e.m. of n= 4 independently experiments. ***P< 0.001 by Student’s two-tailed unpaired ¢
test. The experiment was repeated independently two times (a,b) or three times (c,d,e) with
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similar results. Blot (a,b,c) and gel (€) images were cropped, and the full scans are shown in
Supplementary figures.
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Fig. 4: XBP1scontributesto IL-15-mediated NK cell survival.
a,b, NK cells were transiently transfected or lentivirally transduced with XBP1 esiRNA,

XBP1u, XBP1s, or control [Scramble in (a) and empty vector (EV) in (b), followed by
culture for 48 h with IL-15 (100 units/ml). Densitometric quantification shows the ratio of
C-CASP3 protein to B-Actin protein (right panel). Bar graphs display mean +s.d. of 7=3
donors (a,b). *~< 0.05, **P< 0.01 by Student’s two-tailed unpaired ftest (a) or linear
mixed model (b). ¢, NK cells were pretreated with 4u8C for 1 h and then with or without
IL-15 for 4 h. Densitometric quantification shows the ratio of C-CASP3 protein to p-Actin
protein (right panel). Bar graphs display mean + s.d. of 7= 3 donors. *P< 0.05, **P< 0.01
by linear mixed model. d, NK cells were pre-treated with or without 4u8C (50 pM) for 1 h,
followed by an incubation with 1L-15 for 96 h. Bar graphs display mean = s.d. of n=3
donors. **P< 0.01 by linear mixed model. e, NK cells were pre-treated with or without
4u8C (50 uM) for 4 h, then washed and labeled with CFSE or Far Red live staining dye,
respectively. Cells were mixed 1:1 and cultured with IL-15. Live cell ratios (CFSE* vs Far
Red*) were analyzed by flow cytometry. The experiment was repeated independently for
four donors with similar results. f,g, The percentages and absolute quantities of live cells
depicted in (€) are shown in (f) and (g), respectively. Bar graphs display mean = s.d. of n=4
donors. ***P<0.001 by Student’s two-tailed unpaired ftest. N.S., no significance. Blot
images (a,b,c) were cropped, and the full scans are shown in Supplementary figures.
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Fig. 5: AKT mediates stability of XBP1s.
a, XBP1 splicing assays by PCR (upper panel) and quantification of XBP1sby gPCR in NK

cells (lower panel). Bar graphs display mean * s.e.m. of 7= 3 donors. b, Immunoblotting of
cytoplasmic and nuclear protein fractions of NK cells treated with IL-15 (100 units/ml) for
indicated time period. ¢, NK cells were pre-treated with or without AKTi-1/2 (10 uM) for 30

min, followed by stimulation with IL-15 for 6 h prior to immunoblotting. 7= 3 donors. d,

NK cells were pre-treated with 1L-15 alone or plus AKTi-1/2 for 1 h, then cultured with or
without CHX (10 pg/ml) for 30 min prior to immunoblotting. Data are summarized in
Supplementary Fig. 6a. 7= 3 donors. e, 293T cells were transfected with indicated amount

of pECE-myrAKTA4-129 yiector and/or pCDH-FLAG-tagged XBP1s (FLAG-XBP1s) vector

or respective control vector (dash) (1 ug each) and cultured for 24 h. XBP1s protein was
analyzed by immunoprecipitation (IP) with anti-FLAG antibody combined with

immunoblotting. Data are summarized in Supplementary Fig. 6b. 7= 3 independent
experiments. f, XBP1s mRNA expression was analyzed by gPCR in the pECE-myrAKTA4—
129- or pECE control-transfected 293T cells co-transfected with pCDH-FLAG-XBP1s for
24 h (endogenous XBP1s is very low). Bar graphs display mean + s.d. of 7= 3 independent
experiments. N.S., not significant, by Student’s two-tailed unpaired ftest. g, 293T cells were
co-transfected with pCDH-FLAG-XBP1s and pECE-myrAKTA4-129 or pECE empty vector
(EV) for 24 h and then treated with CHX for the indicated time periods with or without
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MG132 (10 uM). 7= 3 independent experiments. h, myrAKTA4-129 or control (dash) was
co-transfected with FLAG-XBP1s into 293T cells for 24 h with or without MG132 for 4 h.
Protein ubiquitination of XBP1s was analyzed by IP with anti-FLAG antibodies, followed
by immunoblotting with densitometric quantification. i, NK cells were pre-treated with or
without AKTi-1/2 for 1 h followed by MG132 treatment for 3 h in the presence of IL-15.
Ubiquitination of XBP1s was analyzed by IP with anti-ubiquitin antibodies combined with
immunoblotting using XBP1s antibodies. The experiment was repeated independently for
three times (b,h,i) with similar results. Gel (a) and blot images (b-e, g-i) were cropped, and
the full scans are shown in Supplementary figures.
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