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Mouse host unlicensed NK cells promote donor allogeneic bone
marrow engraftment
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Natural killer (NK) cells exist as subsets based on expression of inhibitory receptors that
recognize major histocompatibility complex | (MHCI) molecules. NK cell subsets bearing
MHCI binding receptors for self-MHCI have been termed as “licensed” and exhibit a higher
ability to respond to stimuli. In the context of bone marrow transplantation (BMT), host
licensed-NK (L-NK) cells have also been demonstrated to be responsible for the acute
rejection of allogeneic and MHCI-deficient BM cells (BMCs) in mice after lethal irradiation.
However, the role of recipient unlicensed-NK (U-NK) cells has not been well established
with regard to allogeneic BMC resistance. After NK cell stimulation, the prior depletion of
host L-NK cells resulted in a marked increase of donor engraftment compared with the untreated group. Surprisingly, this increased
donor engraftment was reduced after total host NK cell depletion, indicating that U-NK cells can actually promote donor allogeneic
BMC engraftment. Furthermore, direct coculture of U-NK cells with allogeneic but not syngeneic BMCs resulted in increased colony-
forming unit cell growth in vitro, which was at least partially mediated by granulocyte macrophage colony-stimulating factor (GM-CSF)
production. These data demonstrate that host NK cell subsets exert markedly different roles in allogeneic BMC engraftment where

* Unlicensed NK cells release
GM-CSF upon allogeneic
MHCI recognition, which
promotes donor allogeneic
BMC engraftment.

host L- and U-NK cells reject or promote donor allogeneic BMC engraftment, respectively. (Blood. 2016;127(9):1202-1205)

Introduction

The biology of natural killer (NK) cells has become more complex after
the description of “licensing,” which allowed the functional differenti-
ation of subsets based on the expression of inhibitory receptors (IRs).'~
Licensed-NKs (L-NK) were reported to be more rapidly functional than
unlicensed-NKs (U-NK)." In agreement with these studies, we demon-
strated that host L-NKSs were responsible for the preferential elimination
of both allogeneic4’7 and MHCI-deficient bone marrow cells (BMCs)®
during BM transplantation (BMT). Similarly, L-NKs primarily elimi-
nated murine cytomegalovirus—infected cells after both allogeneic-
(alloBMT)’ and syngeneic-BMT (synBMT). 0 However, the role of host
U-NKs in alloBMT has been unclear. Because of the importance of NKs
in the protection against virus pathology and the regulation of T-cell
responses,'! we were interested in analyzing the impact of the host-NK
subsets on the engraftment of alloBMCs and whether differential func-
tions were observed. The unique cytokine profiles observed after
infection allows us to hypothesize that U-NKs can have a beneficial effect
on donor reconstitution after alloBMCs and can possibly be useful in the
application of NK-based therapy to improve outcomes in clinical BMT.

Methods

BMT studies

The work presented in this manuscript was performed under protocols approved
by the University of California, Davis Institutional Animal Care and Use Committee.

Eight- to 10-week-old female B6, B10.D2, BALB/c, NSG, or MHClI-deficient
(B2m™’~ B6) mice were purchased from The Jackson Laboratory and maintained
in AAALAC-approved specific pathogen-free facilities. BMTs were done as de-
scribed.® For adoptive transfer studies, 3 X 10° donor B6 or BALB/c BMCs plus
1 X 10° of B6 IL2-activated sorted L- or U-NKs'>'? were injected IV. into lethally
irradiated (240cGy) NSG mice. Donor cell reconstitution was analyzed by splenic
colony-forming unit (CFU-c) assay and/or flow cytometry at day 7 post-BMT %

In vitro assays

Activated sorted L- or U-NK subsets were cocultured with allo- or synBMCs at
1:1 ratio for 24 hours. Treatment with 50 p.g/mL anti—granulocyte macrophage
colony-stimulating factor (GM-CSF) (Peprotech), 10 pg/mL sodium stibogluc-
onate (SSG) (Sigma-Aldrich, St. Louis, MO), or vehicle control was done when
indicated. BMCs or adherent NKs were collected and CFU-c assay® or reverse
transcription polymerase chain reaction (RT-PCR)'® was performed, respectively.
Recombinant-murine GM-CSF was not used for CFU-c assay except otherwise
indicated. For RT-PCR, BMCs were irradiated (3 Gy) before coculture.

Statistical analysis

Each experiment was repeated at least 2 times. Statistical significance was
determined as previously described.'*

Results and discussion

Numerous studies have demonstrated the predominant role of L-NKs
in mediating alloBMCs rejection in mice.>®° Prior NK activation was

Submitted August 19, 2015; accepted December 21, 2015. Prepublished
online as Blood First Edition paper, January 6, 2016; DOI 10.1182/blood-2015-
08-665570.

The online version of this article contains a data supplement.

There is an Inside Blood Commentary on this article in this issue.

1202

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

© 2016 by The American Society of Hematology

BLOOD, 3 MARCH 2016 - VOLUME 127, NUMBER 9

%20z AeIN 61 U0 1sanb Aq ypd-Z0Z1/2SES6EL/Z0T L6/ L2 Hpd-aloile/poo|g/eu suonedlqndyse//:diy woly papeojumoq


http://www.bloodjournal.org/content/127/9/1083
https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2015-08-665570&domain=pdf&date_stamp=2016-03-03

BLOOD, 3 MARCH 2016 - VOLUME 127, NUMBER 9

UNLICENSED NK CELLS PROMOTE ALLOGENEIC BMT ENGRAFTMENT 1203

A H2¢ BMC into H2" recipient B H2¢ BMC into H2" recipient
* *k *%k
20000 80000 ' ' '
15000 60000 - —
c 40000+
8 10000 - f e % i
& 3000 3 2000
-~ *kk Fekk
> e S T
o 2000 T ILL) 2000
*kk kK
1000 - 1000
| nd nd nd nd <100 <100
v T T T T T T
rigG  5E6  4D11 PK136 rlgG  5E6  4D11  PK136 0 rlgG  4D11 4DI11+5E6 5E6  PK136
IL-2 - - - - + + * Poly I:C + + + + +
c H2¢/H2°> BMC plus H2°NK cells D E
into NSG recipients
*kk
- - 350-
20000 175 S 1 none
—— £ 150 300- L .
15 H Licensed
g 190007 X 125- = 2 . =3 Unlicensed
= 2 100 @ 2004 ns
@ 10000 9 5
5 . 75 . 1504
i i oS
© 5000- o 50 100+
o
i 254 50
0 0 - - i
AlloBMC SynBMC H2d H2b AlloBMC SynBMC
AlloBMC SynBMC

Figure 1. Activated unlicensed U-NK cells promote donor BMC engraftment after allogeneic BMT. B6 mice were treated with mAb against licensed L-Ly49C/I* NK cells
(5E6) and/or unlicensed U-Ly49G2" NK cells (4D11) with or without NK cell stimulation (IL2 or Poly I:C) 2 days before allogeneic BMT of 3 X 10° B10.D2 donor BMCs. Anti-
NK1.1 (PK136) was used as positive control of total engraftment. (A-B) The hematopoietic progenitor content of spleens (Total CFU-c/spleen) of IL2- (A) or Poly |:C-treated
(B) host NK cells was assessed 7 days post-allogeneic BMT. Lethally irradiated NSG mice were IV injected with 3 x 10° BALB/c (allogeneic: alloBMCs) or B6 (syngeneic:
synBMCs) BMCs plus 1 X 108 of in vitro activated licensed (CD45"CD3"CD122"Ly49G2 C/I*) or unlicensed (CD45"CD3 CD122"Ly49G2 " Ly49C/I") sorted NK cells. (C)
CFU-c/spleen is shown 7 days post-BMT of NSG mice. (D) Total number of engrafted donor BMCs (H2d" alloBMCs or H2b" synBMCs) in NSG mice measured by flow cytometry is
shown for the spleen. Activated sorted licensed or unlicensed B6 NK cells were also cultured in vitro with allogeneic (B10.D2) or syngeneic (B6) BMCs at a 1:1 ratio for 24 hours and
then CFU-c was assessed in the absence of rtGM-CSF. (E) CFU-c/BM for in vitro assay is shown. Data are representative of at least 2 experiments with 3 mice per group (A-D) or by
triplicate (E) (mean = SEM). One-way analysis of variance was used to assess significance (*P < .05, **P < .01, ***P < .001; n.d., not detected, n.s., not significant).

also demonstrated to augment rejection overall, and L- and U-NKs were
equally responsive and capable of rejecting MHCI-deficient BMCs.®
Here, we analyzed the impact of activated host-NK subsets in the
engraftment of MHCI™ BMCs. We observed that in vivo administration
of IL2 or polyl:C in B6 (H2®) mice before alloBMT to augment host-NK
activity led to markedly differential outcomes on alloBMC engraftment
depending on the host NK subset depleted. As previously reported,
removal of all host-NK cells (via anti-NK1.1) resulted in improved
alloBMC engraftment, measured by CFU-c, indicating the net effect of
host-NKs is to reject alloBMCs. In addition, the prior depletion of host
Ly49C/T" L-NKs (binds H2® and therefore licensed) by anti-Ly49C/1
(5E6) resulted in a significant increase of donor (H2%) alloBMC
engraftment as determined by CFU-c (Figure 1A-B). Interestingly, prior
treatment with IL2 or polyl:C significantly also markedly augmented
the growth-promoting effect of the host L-NK subset depletion, being
comparable with and even superior to total NK depletion (Figure 1A-B).
These data indicate that the lack of allogeneic BMC rejection by host
L-NKSs as a result of prior depletion of this subset is surprisingly also
accompanied by a promotion of alloBMC engraftment by the remaining
NKs subsets. Despite this, approximately 30% of NKs are unlicensed-
Ly49G2" (binds H2%) in B6 mice, and no effect on allogeneic donor
engraftment was observed after depletion with anti-Ly49G2 (4D11) at any
given condition. However, the concurrent depletion of L- and U-NKs
reduced the proportion of alloBMC engraftment compared with
depletion of L-NKs alone (Figure 1B), suggesting an antagonistic
function between the subsets where the U-NK are growth-promoting
rather than inhibiting for the donor alloBMCs. Importantly, it does

reveal an unknown stimulatory function of U-NKSs in the promotion of
alloBMC engraftment. This effect was not strain-dependent because the
same pattern was observed when B10 (H2°) or B10.D2 (H2%) mice were
used for alloBMT (supplemental Figure 1A-B, available on the Blood
Web site), whereas no differences were found after synBMT
(supplemental Figure 1C).

To delineate that this promoting effect on allogeneic engraftment
was solely caused by U-NKs, lethally irradiated, immunodeficient
NSG mice received BALB/c (H2Y) BMCs (alloBMT) or B6 BMCs
(synBMT) with activated B6 sorted Ly49CI" L- or Ly49G2" U-NK
cells (supplemental Figure 2). The adoptive transfer of U-NKs sig-
nificantly increased alloBMC engraftment compared with L-NK
infusion and, although not significant, a trend toward increased
alloBMC engraftment was also observed when compared with mice
that did not receive NK infusion (Figure 1C). As expected, no differ-
ences were observed in the engraftment capabilities of synBMCs.
These results on donor engraftment were also confirmed by analysis of
H2d" cell engraftment in the spleen (Figure 1D). This, combined with
previous data demonstrating rejection of MHCI-negative BMCs
by U-NKs,? indicates that triggering of the U-NK subset with the
appropriate MHCI (H2“ for Ly49G2) was required for the hematopoietic
growth-promoting effects. In addition, the prior coculture of alloBMCs
with activated U-NKs improved in vitro BMC growth, indicating a direct
role in promoting engraftment (Figure 1E). When the supernatant of
these cocultures was used in the CFU-c assays to assess effects on the
growth of synBMCs, an increase of CFU-c was observed if supernatants
came from the U-NK:alloBMC cocultures (supplemental Figure 3).
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Figure 2. Unlicensed U-NK cells promote allogeneic BMC engraftment through increased GM-CSF production that requires MHCI interaction and consequent SHP-1
phosphorylation. Twenty-four hours after coculture of irradiated allo- or synBMC cells with activated sorted B6 licensed and unlicensed NK cells, adherent NK cells were collected
and RT-PCR-assessed. (A) Fold change of cytokine expression is shown for licensed and unlicensed NK cells that were exposure to irradiated allo- or synBMCs. Data are
represented as fold change mRNA expression of L-NK data. (B) Fold change ratio between GM-CSF and IFNg is shown. To study engraftment, BMCs were collected after 24
hours of culture with NK cells, and CFU-c per BM was determined. (C) Blockade of GM-CSF with anti-GM-CSF prevents the unlicensed NK cell-dependent engraftment. (D)
Inhibition of SHP-1 with SSG prevents alloBMC engraftment Ly49G2™ NK cell~dependent to a similar extent than GM-CSF blockade measured by CFU-c/BM. (E) Fold change of
GM-CSF:IFNg ratio is shown for unlicensed NK cells exposed to allogeneic BMCs after GM-CSF blockade and SHP-1 inhibition. Data are representative of at least 2 experiments
with n = 3 (mean + SEM). One-way analysis of variance was used to assess significance (*P < .05, **P < .01, ***P < .001; n.d., not detected, n.s., not significant).

These data suggest that the interaction between the inhibitory receptor
(IR) of U-NKs with the MHCT of alloBMC leads to the production of
cytokines that favor alloBMC engraftment and proliferation.
GM-CSF and granulocyte (G)-CSF are secreted by multiple
immune cells including NKs and are involved in hematopoiesis.'®
We then analyzed the cytokine profile of L- or U-NKs from H2" or
H2¢ mice after coculture with alloBMCs or synBMCs. Compared with
L-NK, U-NK had a significant increase of GM-CSF mRNA expression,
whereas there were no differences in IFNg or tumor necrosis factor
mRNA expression (Figure 2A-B and supplemental Figure 4). In-
terestingly, human NK cells produce GM-CSF after IL2 treatment and
TLRY signaling or Candida albicans infection.'”"® However, high
levels of interferon and tumor necrosis factor were also detected under
these stimulatory conditions, leading to an activating phenotype that
does not coincide with the phenotype displayed by U-NKs during
alloBMT settings. To further demonstrate the GM-CSF-dependent
hematopoietic role of U-NKs, neutralizing antibodies to GM-CSF were
used during cocultures and indeed prevented alloBMC growth

(Figure 2C). It is likely that GM-CSF production occurs after allogeneic
MHCT interaction with the IRs of U-NKs because of activation of
Scr homology protein tyrosine phosphatase-1 (SHP-1). We therefore
blocked phosphorylation of SHP-1 using SSG, a protein tyrosine
phosphatase inhibitor,? to prevent the signaling cascade mediated
by IRs-MHCT interactions. Blocking GM-CSF and SHP-1 reduced
alloBMC growth to a similar extent (Figure 2D). SSG caused a
reduction of GM-CSF on U-NKs exemplified by reduction of the fold
change ratio between GM-CSF and IFNg mRNA compared with vehicle
control after U-NK:alloBMC cocultures (Figure 2E). These data
demonstrate that activated U-NKs produce higher amounts of GM-CSF
upon alloBMC:IR interactions, which correlates with augmented
engraftment and implies a clinical application of host-derived U-NK
cells in allogeneic-BMT settings. Yu et al demonstrated that human
U-NKs (with killer immunoglobulin-like receptors for non-self-HLA)
were functional immediately after BMT, possibly because of the
conditioning regimen, and had potent antitumor responses on target
cells that did not express ligands for those killer immunoglobulin-like
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receptors.”'*> We are thus describing a previously unreported role of
host U-NK cells in the promotion of donor allogeneic BMC engraftment.
We are also proposing a dual role of SHP-1, because its phosphorylation
after MHCI-IR encounter can lead to NK suppression in resting
conditions or GM-CSF release during stimulatory conditions. A different
SHP1 function upon activation was also described for NK and mast
cells.>*** These results indicate profound functional differences in the
ability of host-NK subsets to affect donor alloBMC engraftment based on
licensing, suggesting their potential use in clinical BMT.
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