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ABSTRACT
Allogeneic hematopoietic cell transplantation (allo-HCT) is a potentially curative therapy for hematologic
malignancies. Donor T cells are able to eliminate residual tumor cells after allo-HCT, producing the beneficial
graft-versus-tumor (GVT) effect, but can also cause graft-versus-host disease (GVHD) when attacking host
normal tissues. We previously reported that granzyme B (GzmB) is involved in activation-induced cell death
(AICD) of donor T cells and exerts differential impacts on GVHD and GVT effect. Serine protease inhibitor 6 (Spi6)
is the sole endogenous inhibitor of GzmB that can protect immune and tissue cells against GzmB-mediated
damage. This study is aimed to delineate the mechanism by which the GzmB-Spi6 axis regulates allogeneic T
cell response. Using multiple clinically relevant murine allo-HCT models, we have found that Spi6 is
concentrated in mitochondria during allogeneic T cell activation, while Spi6¡/¡ T cells exhibit abnormal
mitochondrial membrane potential, mass, reactive oxygen species (ROS) production and increased GzmB-
dependent AICD mainly in the form of fratricide. Compared with WT T cells, Spi6¡/¡ T cells exhibit decreased
expansion in the host and cause significantly reduced GVHD. Notably, however, Spi6¡/¡ T cells demonstrate the
same level of GVT activity as WT T cells, which were confirmed by two independent tumor models. In summary,
our findings demonstrate that Spi6 plays a novel and critical role in maintaining the integrity of T cell
mitochondrial function during allogeneic response, and suggest that disabling Spi6 in donor T cells may
represent a novel strategy that can alleviate GVHD without sacrificing the beneficial GVT effect.
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Introduction

Allogeneic hematopoietic cell transplantation (allo-HCT) is a
potentially curative treatment for hematologic malignancies.1,2

Donor T cells are able to eliminate residual tumor cells in the
host, producing the beneficial graft-versus-tumor (GVT) effect.3,4

However, cancer relapse resulting from insufficient GVT and
graft-versus-host disease (GVHD) remain as two major obstacles
that lead to mortality and morbidity after allo-HCT.5 Many lab-
oratory and clinical investigations, including human leukocyte
antigen (HLA)-based donor and recipient selection,6,7 pretreat-
ment and selective modulation of donor cells,8,9 optimizing pre-
conditioning regimens of hosts,10,11 infection treatment and
GVHD prophylaxis, have contributed to the improvement of
outcome of allo-HCT.12,13 Most of the therapeutic approaches
for GVHD are targeting T cells because of their central role in
directly causing GVHD.12 However, It is difficult to suppress
GVHD without affecting GVT effect theoretically and clinically
because of their shared pathophysiology.12 Therefore, there still
is a great need for new therapeutic interventions that can control
GVHD without sacrificing the beneficial GVT effect.

We previously reported that GzmB, the key effector molecule
in the perforin/granzyme cytotoxic pathway, is not only used by
T cells to kill target cells, but also triggers activation-induced cell

death (AICD) in donor T cells after allo-HCT, which signifi-
cantly affects GVHD and GVT effect.14,15 While T cells use
GzmB to either kill their target cells or damage themselves, the
endogenous GzmB inhibitor is also upregulated.16 Serine prote-
ase inhibitor 6 (Spi6) is the sole endogenous GzmB inhibitor,
which belongs to OVA family and functions as a suicide sub-
strate when bind to GzmB.17,18 Spi6, as well as its human homo-
logue protease inhibitor 9 (PI9),18 has been reported to play an
essential role in protecting immune cells against GzmB-mediated
cytotoxicity, subsequently affecting memory T cell development
and homeostasis, dendritic cell antigen presentation and regula-
tory T cell suppressive function.16,19–21 However, it is previously
not known whether Spi6 function in conventional T cells has
any impact on the outcome of allo-HCT. Therefore, this study
aims to determine the contribution of Spi6 in GVHD and GVT
effect. To this end, we have utilized both MHC-mismatched and
clinically more relevant MHC-matched and haploidentical allo-
HCT models for GVHD study. In addition, we have used both
the A20 lymphoma and WEHI-3 leukemia models for GVT
study. We have systematically analyzed Spi6 expression and
Spi6-mediated protecting mechanism and impact on allo-HCT.
Our results demonstrate that Spi6 plays a novel role in
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maintaining donor T cell mitochondrial function, as Spi6 defi-
ciency in donor T cells causes mitochondrial dysfunction and
increased fratricidal AICD. Perhaps more interestingly, loss of
Spi6 function in donor T cells leads to decreased GVHD without
reducing the GVT effect. These differential roles suggest that dis-
abling Spi6 in donor T cells may represent a novel strategy that
can alleviate GVHD without sacrificing GVT effect.

Results

Spi6 is upregulated in activated T cells following
allogeneic stimulation

As the endogenous inhibitor of GzmB, Spi6 is expressed in
many cell types to defend against GzmB-mediated cytotox-
icity.19,22-24 However, whether and how Spi6 affects conven-
tional T cells in allogeneic immune response have not been
described. Using flow cytometry analysis, we have found
that there is barely any GzmB or spi6 expression in na€ıve
T cells (Fig. 1A). We next examined if Spi6 was upregulated
in T cells after allogeneic activation in vitro. We performed
MLR with WT or Spi6¡/¡ T cells from C57 BL/6 mice as
responders and BMDCs from BALB/c mice as stimulators.
After 3 to 4 days in MLR, Spi6 expression is increased in
both CD4C and CD8C T cells. Particularly for CD8C

T cells, most of cells expressing GzmB also co-express Spi6
(Fig. 1A). Further we examined if spi6 is also upregulated
in donor T cells after allo-HCT. After lethal irradiation,
BALB/c hosts were injected with TCD-BM combined with
WT or spi6¡/¡ pan T cells isolated from C57 BL/6 donors.
7 days later, donor-derived T cells were harvested from
host spleens and analyzed for spi6 and GzmB expression
(Fig. 1B). GzmB expression appears to be equivalent
between WT and Spi6¡/¡ T cells (Fig. 1C). Approximately
50% of CD4C and 70% of CD8C WT T cells are Spi6 posi-
tive, compared to Spi6¡/¡ T cells showing merely back-
ground signal (Fig. 1D). For both CD4C and CD8C T cells,
the majority of population that are positive for GzmB are
also positive for Spi6 (Fig. 1E). Our data indicate that Spi6
is upregulated in donor T cells and co-expressed with
GzmB after allogeneic activation.

Spi6 protects T cells against mitochondrial damage during
allogeneic response

To test if Spi6 can protect T cells against GzmB-dependent cell
death, we first performed MLR to mimic allogeneic response in
vivo. We isolated pan T cells from C57 BL/6 WT or Spi6¡/¡

mice, co-cultured with BMDCs from BALB/c mice for 3 to
4 days. We observed substantial AICD in both CD4C and
CD8C T cells by Annexin V staining. Compared with WT T
cells, Spi6¡/¡ T cells exhibited significantly increased cell death
(Fig. 2A-2B). Also we found that the activity of caspase 3 and
caspase 8 was significantly higher in Spi6¡/¡ T cells than in
WT T cells, which implicates a protective function of Spi6 in
GzmB-induced, caspase-dependent apoptosis (Fig. 2C-2D). On
the other hand, it has been reported that caspase-3 mediated
cleavage of BCL-2 is involved in promoting cell death, since

BCL-2 plays an important role in maintaining cell survival by
inhibiting caspase activation.25,26 Therefore, we also compared
BCL-2 expression between WT and Spi6¡/¡ T cells. We found
that BCL-2 expression was significantly higher in Spi6¡/¡ T
cells in than WT T cells (Fig. 2E), which may be due to a pro-
tective reaction to the apoptotic process prompted by Spi6 defi-
ciency. Interestingly, using several mito-trackers that allow us
to evaluate mitochondrial status and function by flow cytome-
try, we have found that Spi6¡/¡ T cells exhibit more mitochon-
drial dysfunction compared with WT T cells. These Spi6¡/¡ T
cells showed significantly increased mitochondrial mass, mem-
brane potential and ROS production (Fig. 3A-3B-3C). Using
confocal microscopy to visualize Spi6 and mitochondria subcel-
lular localization, we found that Spi6 was co-localized with
mitochondria in the cytoplasm after T cell activation (Fig. 3D).
Quantification analyses further confirmed the co-localization
between Spi6 and mitochondria (Fig. 3E). Together, these data
indicate that Spi6 protects T cells against mitochondrial dam-
age as well as caspase activation after allogeneic activation.

Spi6 predominantly protects T cells from GzmB-mediated
fratricide rather than suicide

As a key cytotoxic molecule stored in the cytotoxic gran-
ules, GzmB has been implicated in T cell suicide and fratri-
cide.24,27 However, whether fratricide or suicide is the
dominant mechanism for GzmB-mediated AICD is still
unknown. Previous reports including ours show that
GzmB-mediated AICD affects various types of T cells.14,15,28

But it is not clear whether such T cells are killed by GzmB
leaked from their own granules or delivered from other T
cells. Meanwhile, Spi6 has been shown to protect the integ-
rity of cytotoxic granules in T cells and inhibit endogenous
GzmB-mediated damage.24 Yet it remains an interesting
question whether Spi6 can mediate protection against exog-
enous GzmB delivered from other T cells. Therefore, we set
up a system to determine if Spi6 can protect T cells from
suicide only or also from fratricide. Because the complicated
environment of in vivo HCT experiments, we used a simpli-
fied system, anti-CD3 and anti-CD28 coated plates, to acti-
vated T cells, excluding the impact of allo-antigens, APCs,
microbiota and exogenous cytokines etc. After being acti-
vated in vitro for 48 hours, both CD4C and CD8C T cells
showed substantial AICD, measured by Annexin V and cell
viability dye. Consistent to T cell AICD after allogeneic
stimulation, we also observed lower apoptosis in GzmB¡/¡

T cells and higher apoptosis in Spi6¡/¡ T cells (Fig. 4A-
4C). Then we performed cell suicide/fratricide assay, using
the eF670 cell proliferation dye to stain WT, GzmB¡/¡ or
Spi6¡/¡ T cells as target cells, and the eF450 cell prolifera-
tion dye to stain WT or GzmB¡/¡ T cells as killer cells
(Fig. 4A). After in vitro stimulation and co-culturing of tar-
get cells and killer cells with a ratio of 1:1 for 2 days, we
analyzed apoptosis by flow cytometry. By gating ef670 or
ef450 positive population, we were able to separate target
cells from killer cells (Fig. 4A). With this setting, target cells
co-cultured with WT killer cells would suffer both suicide
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and fratricide mediated by GzmB, while co-culturing with
GzmB¡/¡ killer cells would exclude GzmB-mediated fratri-
cide. By comparing target cells co-cultured with WT versus
GzmB¡/¡ killer cells, we would know if GzmB/Spi6 partici-
pate in fratricide or not. By comparing different target cells
that all co-cultured with GzmB¡/¡ killer cells, we would
know if GzmB/Spi6 participate in suicide or not. Using this
system, we found that for both CD4C and CD8C T cells,
Spi6¡/¡ T cells showed significantly increased apoptosis
when co-cultured with WT versus GzmB¡/¡ T cells, clearly
indicating the presence of fratricide. We didn’t see such a
clear difference for either WT or GzmB¡/¡ target cells,
probably because both have normal Spi6 to inhibit

exogenous GzmB. When all target cells were co-cultured
with GzmB¡/¡ killer cells that cannot cause GzmB-induced
fratricide, we found that GzmB¡/¡ T cells showed signifi-
cantly decreased apoptosis compared with WT and Spi6¡/¡

T cells, which indicates that GzmB definitely participated in
suicide. Surprisingly, Spi6¡/¡ T cells showed no more apo-
ptosis than WT T cells when both were co-cultured with
GzmB¡/¡ killer cells, which strongly suggests that Spi6 pre-
dominantly protect T cells from GzmB-mediated fratricide
rather than suicide (Fig. 4B-4C). In an attempt to decrease
GzmB-independent background cell death, we repeated
this experiment using GzmB¡/¡ £ Prf1¡/¡ (double KO) T
cells (Supplementary Figure 1). However, the double KO T

Figure 1. Spi6 expression is upregulated after allogeneic T cell activation. (A) MLR was performed using C57 BL/6 WT or Spi6¡/¡ pan T cells as responders and BALB/c
BMDCs as stimulators with a ratio of 5:1. After co-culture for 3 days, cells were stained with anti-mouse GzmB and Spi6 antibodies and analyzed by flow cytometry. Repre-
sentative dot plots are gated on total live T cells (Live/Dead¡ TCRbCCD4C or CD8C). (B-E) BALB/c mice were lethally irradiated on day -1. On day 0, hosts were injected
with 3 £ 106 TCD-BM cells alone or combined with 1 £ 105 WT or Spi6¡/¡ pan T cells isolated from C57 BL/6 donor mice. On day 7, total splenocytes were harvested
from host mice and analyzed by flow cytometry. Representative dot plots (B) are gated on total live donor T cells (Live/Dead¡ H-2KbC TCRbCCD4C or CD8C) and sum-
mary data of GzmB (C), Spi6 (D) expression and co-expression (E) from 3 independent experiments are shown as the percentages of total donor CD4C or CD8C cells.
Unpaired student T tests were performed to determine statistical significance.
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cells exhibited cell death levels similar to GzmB¡/¡ T cells,
suggesting that GzmB-dependent cell death is largely per-
forin-dependent in this system.

Spi6¡/¡ T cells exhibit less proliferation and more AICD in
vivo after allo-HCT

To test whether Spi6 in donor T cells can affect their function
after allo-HCT, we first examined T cell expansion in host
mice. Spi6¡/¡ T cells exhibit significantly decreased expansion
compared with WT T cells (Fig. 5A-5C). To determine whether
the difference in T cell expansion is due to proliferation, we
performed in vivo proliferation assay by staining donor T cells
with the eF670 cell proliferation dye. When eF670 dilution was
examined at day 3 after allo-HCT, Spi6¡/¡ T cells showed sig-
nificantly less proliferation compared with WT T cells
(Fig. 5D). Furthermore, to determine if Spi6 can protect T cell
from AICD in vivo, we analyzed donor T cell survival at 5 days
after allo-HCT. By using Annexin V combined with the live/
dead dye, we found that compared with WT T cells, Spi6¡/¡ T
cells exhibited significantly increased apoptosis (Fig. 5E). More-
over, CD8C T cells showed higher levels of AICD than CD4C T
cells, which is correlated with their different GzmB/Spi6
expression levels after allo-activation (Fig. 1 C). Put these data
together, we reason that Spi6¡/¡ T cells showed less prolifera-
tion because Spi6¡/¡ dead cells are cleared rapidly in vivo while
WT T cells have Spi6-mediated protection and therefore their

improved survival led to more accumulated eF670 dilution,
which is the readout for higher proliferation. In addition, using
CD45.1C WT and CD45.2C Spi6¡/¡ T cells, mixed at 1:1 ratio
and injected to host mice, we were able to detect donor T cell
proliferation in different organs. We confirmed that the prolif-
eration of WT T cells (CD45.1) is significantly higher than
Spi6¡/¡ (CD45.2) T cells in the spleen and liver at both day 5
and day 7 after HCT (Fig. 5 F). It has been reported that Spi6
can affect allo-reactive CD8C T cell memory and effector sur-
vival after skin and heart transplantation.21 Therefore, we ana-
lyzed the effector/memory phenotypes of donor T cells at day
21 after allo-HCT, but did not observe any difference between
WT and Spi6¡/¡ T cells (data not shown). However, higher lev-
els of Spi6 were found in effector T cells than memory T cells in
both CD4C and CD8C T cells, suggesting that Spi6 may be
more important for the function of effector T cells than mem-
ory T cells (Fig. 5G).

Spi6 deficiency in donor T cells diminishes GVHD

Based on Spi6-mediated protection of T cells from AICD, we
hypothesized that Spi6 preserves donor-derived allo-reactive T
cells after allo-HCT. To test this hypothesis, we used three
murine models. For MHC-mismatched (C57 BL/6 ! BALB/c)
HCT, we injected TCD-BM combined with WT or Spi6¡/¡ T
cells into lethally irradiated hosts. Host mice receiving WT T
cells died within 2 months, while only 50% of mice receiving

Figure 2. Spi6 protects T cells from apoptotic death after allogeneic activation. MLR was performed using C57 BL/6 WT or Spi6¡/¡ pan T cells as responders and BALB/c
BMDCs as stimulators with a ratio of 5:1. After co-culture for 3 to 4 days, Annexin V staining was performed to analyze cell death with flow cytometry. Shown are the per-
centages of Annexin VC cells in H-2KbCTCRCCD4C (A) or CD8C (B) T cells. Caspase activity and BCL-2 expression were assessed by flow cytometry 3 days after MLR. Data
shown are percentages of cells with active Caspase 3C (C), Caspase-8 (D) and positive BCL-2 expression (E) in H-2KbCTCRCCD4C or CD8C T cells.
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Figure 3. Spi6 protects T cells from and mitochondrial dysfunction after allogeneic activation. MLR was performed using C57 BL/6 WT or Spi6¡/¡ pan T cells as respond-
ers and BALB/c BMDCs as stimulators with a ratio of 5:1. After co-culture for 4 days, Mitochondrial damage was analyzed by flow cytometry to test ROS (A), Mass (B), and
potential loss (C). MFIs of CD4C and CD8C T cell populations are presented as mean and SEM, and unpaired student t test were performed to determine statistical signifi-
cance. (D-E) Pan T cells were isolated from WT C57 BL/6 mice, stimulated with anti-CD3 and anti-CD28 conjugated microbeads (visualized as red solid beads) in complete
medium with IL-2 100 IU/ml. At day 2, intracellular co-staining of spi6 (green), mitochondria (red) and nucleus (blue) was analyzed by confocal microscopy. (E) White
arrows show positive staining of mitochondria and Spi6 co-localization. Co-localization of Spi6 and mitochondria was quantified using Pearson correlation coefficient
method using by ImageJ software.
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Spi6¡/¡ T cells developed lethal GVHD (Fig. 6A-6B). For hap-
loidentical (C57 BL/6 ! B6D2F1) HCT, we injected TCD-BM
combined with WT or Spi6¡/¡ T cells. Again, Spi6¡/¡ T cells
induced significantly decreased severity and lethality of GVHD
(Fig. 6C-6D). Furthermore, we performed MHC-matched yet
minor histocompatibility antigen-mismatched (C57 BL/6 !
129/SvJ) HCT and also observed a similar phenotype (Fig. 6E-
F). It was recently reported that Spi6¡/¡ Tregs were less potent
in suppressing allo-reactive T cells.23 To exclude the influence
of Spi6-dependent Treg function, we used Treg-depleted
CD25¡ T cells to perform allo-HCT. We used RAG1¡/¡ BM
cells instead of WT BM to exclude the effect of de novo devel-
oped donor T cells. Without Tregs, Spi6¡/¡ T cells still caused
significantly decreased acute GVHD (Fig. 6G-H). These data
indicate that Spi6 preserves donor allo-reactive T cell function
in mediating acute GVHD, independent of Treg function.

Spi6 deficiency in donor T cells does not affect the GVT
effect.

To determine the contribution of Spi6 in the GVT effect, we
performed C57 BL/6 ! BALB/c allo-HCT, with A20 lym-
phoma cells inoculating into the hosts immediately before BM
and T cell transplantation. Using bioluminescence imaging to
monitor tumor burden, we found that 1 £ 105 WT and Spi6¡/

¡ T cells control tumor growth equally efficiently, in compari-
son to significantly higher tumor burden in mice receiving
TCD-BM only (Fig. 7A-B). No tumor-associated death
occurred for recipients of WT or Spi6¡/¡ T cells, suggesting
that Spi6¡/¡ T cells had intact anti-tumor activity compared
with WT T cells (Fig. 7C). However, recipients of Spi6¡/¡ T
cells showed weight loss that was significantly lower compared
with recipients of WT T cells (Fig. 7D), suggesting that Spi6¡/¡

T cells cause less severe GVHD in these tumor-bearing mice.
Moreover, we compared host overall survival including tumor-
associated and GVHD-associated mortality. Host mice receiv-
ing Spi6¡/¡ T cells exhibit significantly improved overall sur-
vival compared with counterparts receiving WT T cells
(Fig. 7E).

Since no tumor-associated mortality was observed in
hosts receiving 1 £ 105 WT or Spi6¡/¡ T cells, we sus-
pected that perhaps the T cell dose is too high relative to
the tumor cell dose. Therefore, we decreased T cell dose
to 5 £ 104, and observed substantial tumor signal for all
recipients. However, we observed no difference in tumor
burden between mice receiving WT and Spi6¡/¡ T cells
(Fig. 8A). 1 out of 8 mice died from tumor growth in both
groups receiving Spi6¡/¡ and WT T cells (Fig. 8B). Again,
body weight loss and GVHD-associated mortality were
observed in the WT group but not in the Spi6¡/¡ group

Figure 4. Spi6 predominantly protects T cells from GzmB-mediated fratricide rather than suicide. Pan T cells were isolated from C57 BL/6 WT, GzmB¡/¡ and Spi6¡/¡ mice.
Target cells (WT, GzmB¡/¡ and Spi6¡/¡) were stained with the cell proliferation dye eF670 10 uM and killer cells (WT and GzmB¡/¡) were stained with the cell prolifera-
tion dye eF450 5 uM. Target cells and killer cells were mixed with a ratio of 1:1 and stimulated with plate-bound anti-CD3C anti-CD28 in complete medium. After co-cul-
tured for 2 days, cells were harvested and analyzed by flow cytometry. (A) Experiment design and flow cytometry gating strategies. (B) Percentage of Annexin VC CD4C

target T cells after co-culturing with WT or GzmB¡/¡ killer T cells. (C) Percentage of Annexin VC CD8C target T cells after co-culturing with WT or GzmB¡/¡ killer T cells.
Unpaired student t tests were performed to determine statistical significance.
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Figure 5. Spi6¡/¡ T cells exhibit decreased proliferation and increased AICD after allo-HCT.BALB/c mice were lethally irradiated on day -1. On day 0, hosts were injected with 3
£ 106 TCD-BM cells alone or combined with 2 £ 106 (A, B, D, E, F and G) or 1 £ 105 (C) WT or Spi6¡/¡ Pan T cells isolated from C57 BL/6 donor mice. (A-C) On day 3, 5 and
7 after allo-HCT, splenocytes were harvested from the host mice and analyzed by flow cytometry. Shown are summary of absolute numbers of live donor CD4C and CD8C T
cells acquired by multiplying the percentages of H-2KbCLive/Dead¡TCRbCCD4C and CD8C cells to total cell numbers harvested from the host spleens. (D) Pan T cells were
stained with the cell proliferation dye ef670 before injecting to host mice. On day 3 after allo-HCT, splenocytes were harvested from the host mice and analyzed by flow
cytometry. Representative flow plots showing eF670 dilution are gated on H-2KbCLive/Dead¡TCRbC CD4C or CD8C cells. Summary data show the percentage of eF670
diluted population. (E) On day 5 after allo-HCT, total cells harvested from the host spleens were assessed by Annexin V and Live/Dead dye staining to measure cell death. Rep-
resentative dot plots are gated on donor T cells (H-2KbCTCRbCCD4C or CD8C) with na€ıve donor cells serving as negative controls to show background cell death. The percen-
tages of donor T cells that are Annexin VCLive/dead¡ are shown as summary data. (F) Lethally irradiated BALB/c mice were injected with C57 BL/6 TCD-BM cells combined
with WT (CD45.1) and Spi6¡/¡ (CD45.2) Pan T cells mixed at 1:1 ratio. Represented flow plots of WT and Spi6¡/¡ T cell proliferation in liver and spleen were shown at day 5
after allo-HCT. Also shown are summary data of T cell proliferation at day 7 in liver and spleen. (G) Day 21 after allo-HCT, summary data of Spi6 expression on memory
(CD44CCD62 LC) or effector (CD44C CD62 L¡) T cell subsets. Unpaired student t tests were performed to determine statistical significance.
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(Fig. 8C-8D), and most of the mice receiving WT T cells
died from GVHD before their tumor burden showed sub-
stantial increases (Fig. 8A-8D). Next, to rule out a tumor
model-specific effect, we used the WEHI-3 myeloid leuke-
mia cells to inoculate the BALB/c mice immediately before
allo-HCT. Again, we observed similar results: there was no
difference for host tumor burden and tumor-associated
mortality between mice that received WT or Spi6¡/¡ T cells
(Fig. 8E-8F). Taken together, these data indicate that Spi6
deficiency in donor T cells significantly alleviates GVHD
but does not affect the GVT response, which leads to

significantly improved overall survival in the tumor-bearing
host mice.

Discussion

GzmB is an effector molecule used by cytotoxic lymphocytes to
kill infected or transformed cells. It is also a critical regulator
for immune cell homeostasis.29 Our recent work has revealed
essential regulatory roles played by GzmB in T cell allogeneic
response. In the setting of allo-HCT, our previous studies dem-
onstrate that GzmB can not only be used by donor T cells to

Figure 6. Spi6¡/¡ T cells cause less GVHD than WT T cells. (A-B) BALB/c mice were lethally irradiated with 900 rad at day -1. At Day 0, host mice were injected with 3 £
106 TCD-BM cells alone or combined with 2 £ 105 WT or Spi6¡/¡ pan T cells isolated from C57 BL/6 donor mice. Host survival (A) and clinical score (B) were monitored
after allo-HCT. (C-D) B6D2F1 mice were lethally irradiated with 1000 rad at day -1. At Day 0, host mice were injected with 5 £ 106 TCD-BM cells alone or combined with 4
£ 106 WT or Spi6¡/¡ pan T cells isolated from C57 BL/6 donor mice. Host survival (C) and clinical score (D) were monitored after allo-HCT. (E-F) 129/SvJ mice were lethally
irradiated with 1000 rad at day -1. At Day 0, host mice were injected with 5 £ 106 TCD-BM cells alone or combined with 1.5£ 106 WT or Spi6¡/¡ pan T cells isolated from
C57 BL/6 donor mice. Host survival (E) and clinical score (F) were monitored after allo-HCT. (G-H) Lethally irradiated BALB/c mice were injected with 3 £ 106 RAG1¡/¡BM
cells alone or combined with 4 £ 105 WT or Spi6¡/¡ CD25¡ pan T cells isolated from C57 BL/6 donor mice. Host Survival (G) and clinical GVHD score (H) were monitored
after allo-HCT. All of the survival experiments were combined from 2–3 independent experiments. Statistical significances for Kaplan-Meier survival curves are evaluated
by Log-rank (Mantel-Cox) tests and clinical GVHD scores are evaluated by two-way ANOVA.
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kill tumor cells and damage normal tissues, but also regulate
donor T cell AICD thereby affecting T cell expansion. In this
study, we tested the role of Spi6, the sole endogenous inhibitor
of GzmB, in the setting of murine allo-HCT. Unlike GzmB,
Spi6 is only expressed in the cytoplasm and is functional inside
of the cell.30 Expression of Spi6 can be found in many types of
cells to protect against GzmB-dependent damage, including T
cells, NKT cells, DCs and mesenchymal stem cells.21,22,24,31 We

have found that Spi6 expression is upregulated in donor T cells
after allo-HCT and protected T cells from AICD which resulted
in increased cell expansion. Mitochondrial related cell death
increased in Spi6¡/¡ T cells, which indicates that Spi6 can pro-
tect against mitochondrial damage by GzmB during allogeneic
T cell activation. Interestingly, we have found that Spi6 pre-
dominantly protects T cells from fratricide rather than suicide
in the setting of allogeneic response, which has not been

Figure 7. Spi6¡/¡ T cells exhibit equivalent GVT activity to that of WT T cells. BALB/c mice were lethally irradiated with 900 rad at day -1. At Day 0, host mice were
injected with 1 £ 105 luciferase-expressing A20 tumor cells by tail vein injection, and then immediately injected with 3 £ 106 TCD-BM cells alone or combined with 1 £
105 WT or Spi6¡/¡ pan T cells isolated from C57 BL/6 donor mice. Tumor burden was measured by bioluminescence imaging. Representative graphs of tumor burden are
shown in (A) and quantification is shown in (B). Tumor-induced mortality (C) and body weight loss (D) were monitored after allo-HCT. Tumor-induced mortality (C) and
overall survival (E) combined from 2 independent experiments is shown as Kaplan-Meier survival curves with Log-rank (Mantel-Cox) tests. Statistical significance for tumor
burden and body weight loss is evaluated by two-way ANOVA.
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reported previously. Importantly, using multiple and clinically
relevant allo-HCT models, we have found that disabling Spi6 in
donor T cells significantly decreased severity and lethality of
GVHD without sacrificing the beneficial GVT effect. Therefore,
these findings reveal Spi6 as a novel target that has the potential
to improve the effectiveness of allo-HCT.

Although an underlying mechanism involving donor T cell
expansion may be shared by host-reactive T cells mediating
GVHD and tumor-reactive T cells mediating the GVT effect,12

the different impact on GVHD and GVT may be due to the
fundamental difference between how they react with and dam-
age their respective target cells. We postulate the potential rea-
sons why Spi6 affects only GVHD but not GVT may attribute
to two aspects. First, TCR avidity to GVHD target cells versus
tumor cells is different. T cells recognize target cells via TCR
binding to specific antigenic peptide presented by MHC

(pepMHC) on the surface of APCs and infected or transformed
cells.32 The TCR-pepMHC interaction avidity determines the
subsequent TCR signaling strength, and different avidity may
trigger various levels of T cell reponse.33 Higher avidity TCR
can trigger strong T cell activation34,35 than lower avidity
TCR.36,37 For our study, we suspect that high avidity T cells are
more likely to express GzmB as well as Spi6, they are host-reac-
tive and cause GVHD, while low or intermediate avidity T cells
are more likely to be tumor-reactive mediating the GVT effect,
which do not express or express lower levels of GzmB and Spi6
and kill tumor cells by other cytotoxic pathways. Since almost
all host tissue cells express MHC I molecules, donor T cells can
easily recognize and kill a normal host cell that expresses “for-
eign” antigens. Although some of these host-reactive T cells
that can recognize tumor cells are also important to the GVT
effect, tumor cells may have evolved mechanisms to evade T

Figure 8. Spi6 deficiency in donor T cells does not affect GVT effect in two tumor models. (A-D) BALB/c mice were lethally irradiated with 900 rad at day -1. At Day 0, host
mice were injected with 1 £ 105 luciferase-expressing A20 tumor cells by tail vein, and then immediately injected with 3 £ 106 TCD-BM cells alone or combined with 5 £
104 WT or Spi6¡/¡ pan T cells isolated from C57 BL/6 donor mice. Tumor burden was measured by bioluminescence imaging. After allo-HCT, tumor burden (A), tumor-
associated mortality (B), body weight loss (C) and overall survival (D) were monitored. (E-F) BALB/c mice were lethally irradiated with 900 rad at day -1. At Day 0, host
mice were injected with 4 £ 104 luciferase-expressing WEHI-3 tumor cells, and then immediately injected with 3 £ 106 TCD-BM cells alone or combined with 1 £ 105 WT
or Spi6¡/¡ pan T cells isolated from C57 BL/6 donor mice. Tumor burden (E) was monitored by bioluminescence imaging. Tumor-associated mortality (F) was also moni-
tored. Log-rank (Mantel-Cox) tests were used to determine statistical significance for tumor-associated mortality and overall survival. Statistical significance for tumor bur-
den and body weight loss is evaluated by two-way ANOVA.
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cell recognition and cytotoxicity, including down-regulation of
MHC I expression and upregulation of anti-apoptotic mole-
cules.38 On the other side, there are unique features that make
malignant cells distinct from normal cells, such as expression
of tumor associated or specific antigens including mutated self-
antigens, which could also serve as low avidity targets for donor
T cells to recognize.39 Secondly, Spi6 function in different T cell
phenotypes may also account for its differential effects on
GVHD and GVT. We have found that Spi6 expression is higher
in effector T cells than memory T cells, which is consistent with
our previous reports showing that GzmB mainly causes AICD
in CD8C and CD4C effector T cells.14,15,40 These findings sug-
gest that the GzmB-Spi6 axis may predominantly function dur-
ing donor-derived effector T cell clonal expansion. In support
of this notion, a recent study showed that Spi6 deficiency in
CD8C T cells causes decreased clonal expansion of short-lived
effector T cells but do not change long-term memory T cell
pool. Those memory precursors have minimal or low GzmB
expression and do not rely on Spi6 for survival.21 Notably,
while donor-derived effector T cells are mainly responsible for
GVHD, memory T cells are more important to GVT effect
rather than GVHD.41 Therefore, Spi6 function in different T
cell phenotypes may also explain why only GVHD but not
GVT effect is affected.

In summary, our data indicate that Spi6 can protect donor T
cells from GzmB-induced AICD after allo-HCT, especially by
protecting mitochondrial function. This protection is critical
for the expansion of donor T cells that causes GVHD but does
not affect the beneficial GVT effect. Therefore, this study sug-
gests that disabling Spi6 in donor T cells may represent a novel
strategy that can alleviate GVHD without sacrificing the GVT
effect.

Materials and methods

Animals and tumor cells

C57 BL/6 J (H-2b) WT, C57 BL/6 J CD45.1 and 129/SvJ (H-2b)
mice were obtained from the Jackson Laboratory. BALB/c (H-
2d) and B6D2F1/Cr mice were purchased from Charles River–
Frederick. Spi6¡/¡ mice in the C57 BL/6 J strain were originally
developed by Dr. Ashton-Rickardt’s laboratory at the University
of Chicago and obtained from Dr. Abdi’s laboratory in Harvard
University.23,24 GzmB¡/¡ mice in C57 BL/6 J strain were devel-
oped as described.42 Luciferase-expressing A20 and WEHI-3
cells were developed from their respective parental lines as
described beore.14,42 All mice were maintained in SPF housing,
and all experiments were conducted in accordance with the ani-
mal care guidelines at Roswell Park Cancer Institute, using pro-
tocols approved by the animal studies committee.

Reagents and antibodies

Antibodies including anti-mouse TCRb, CD4, CD8, CD44,
CD62 L, H-2Kb, H-2Kd, CaspGLOW fluorescein active cas-
pase-3 staining kits and Annexin V apoptosis detection kits
were purchased from eBioscience. Rabbit anti-mouse Spi6 anti-
body was purchased from Hycult Biotech. FITC-Dnk anti-rab-
bit IgG was purchased from Jackson Immuno Research Lab.

MitoSOX red mitochondrial superoxide indicator, MitoTracker
red, MitoTracker orange CMTMRos and MitoTracker green
FM were purchased from Life technologies. CD90.2 microbeads
and Pan T isolation kit II were purchased from Miltenyi Biotec.

Donor cell preparation

Donor bone marrow (BM) cells were isolated from WT C57
BL/6 mice. T cell depletion (TCD) was performed by using
anti-CD90.2 microbeads (purity >95%). Donor pan T cells
were purified from the spleens of C57 BL/6 WT or Spi6¡/¡

mice by using Pan T isolation kit II (purity >94%). Donor
CD25¡ T cells were purified with the same kit combined with
biotin-conjugated anti-CD25 antibody (purity >94%).

Bone marrow transplantation for GVHD and GVT

For MHC-mismatched HCT, BALB/c hosts (H-2d) were irradi-
ated with 900 rad from a Cs-137 source. One day later, the
hosts were injected intravenously with 3 £ 106 TCD-BM cells
only or combined with indicated types and doses of T cells iso-
lated from C57 BL/6 (H-2b) WT or Spi6¡/¡ mice. For MHC-
matched, minor antigen-mismatched HCT, 129/SvJ hosts
(H-2b) were irradiated with 1000 rad. One day later, the hosts
were injected intravenously with 5 £ 106 BM cells only or com-
bined with 4 £ 106 T cells isolated from C57 BL/6 WT or
Spi6¡/¡ mice. For the parent to F1 HCT, B6D2 F/Cr mice were
irradiated with 1000 rad. One day later, the hosts were injected
intravenously with 5 £ 106 TCD-BM cells only or combined
with 4 £ 106 T cells isolated from C57 BL/6 WT or Spi6¡/¡

mice. For GVHD study, the host mice were weighed once to
twice every week and monitored for clinical GVHD score and
survival. For GVT study, host mice were injected intravenously
with syngeneic tumor cells right before BM and T cell injection.
Tumor burdens were measured by bioluminescence imaging
every week and tumor mortality and overall survival were
monitored.

Clinical GVHD scoring criteria

The clinical GVHD manifestations are weight loss; change in
posture, activity, fur texture, hair loss and in some cases diar-
rhea. Clinical GVHD is evaluated comprehensively with a scor-
ing system as follows: a) Posture: normal-0, hunching at rest-1,
severe hunching impairs movement-2; b) Activity: normal-0,
mild decrease-1, stationary unless stimulated-2; c) Fur texture:
normal-0, moderate ruffling-1, severe ruffling and poor groom-
ing-2; d) Skin: normal-0, scaling, mild hair loss-1, areas of
denuded skin-2; e) Diarrhea: no-0, mild-1, severe-2; f) Body
weight loss: no body weight loss or gain weight-0, � 5%-1, 5–
10%-2, 10–15%-3, >15%-4; g) Vitality: Live-0, Dead-10.

Mixed lymphocyte reaction (MLR)

BM derived dendritic cells (BMDCs) as stimulators were iso-
lated from BALB/c mice and cultured in 5% RPMI with 5%
GM-CSF for 7 days and LPS (100 ng/ml) treated at day 6. Pan
T cells as responders were isolated from splenocytes of C57 BL/
6 WT or Spi6¡/¡ mice. 0.25 £ 106 responders and 0.05 £ 106
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stimulators were co-cultured in 200 ul 10% RPMI/well in 96-
well plate for 3 to 4 days. Cells were harvested and washed once
with 1 ml DPBS before staining for flow cytometry.

Mitochondrial damage measurement by flow cytometry

After MLR, cells were washed with 1 ml DPBS once for flow
staining. After routine surface marker staining, cells were
washed twice with FACS buffer before staining for mitochon-
drial trackers (all purchased from Thermo Fisher Scientific).
For mitochondrial reactive oxygen species (Mito-ROS) stain-
ing, cells were stained with 5 uM MitoSOX red reagents in
0.5 ml RPMI with 10% FBS for 30 min at 37 �C; For mitochon-
drial mass staining, cells were stained with 200 nM Mito-
Tracker Green reagents in 0.5 ml RPMI for 30 min at 37 �C;
For mitochondrial potential staining, cells were stained with
500 nM MitoTracker Orange reagents in 0.5 ml RPMI for
30 min at 37 �C. Stained cells were then washed twice with
FACS buffer before flow cytometry analyses.
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