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SUMMARY

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative ther-
apy for hematological malignancies, due to graft-versus-leukemia (GVL) activity
mediated by alloreactive donor T cells. However, graft-versus-host disease
(GVHD) is also mediated by these cells. Here, we assessed the effect of attenu-
ating TCR-mediated SLP76:ITK interaction in GVL vs. GVHD effects after allo-
HSCT. CD8+ and CD4+ donor T cells from mice expressing a Y145F mutation in
SLP-76 did not cause GVHD but preserved GVL effects against B-ALL cells.
SLP76Y145FKI CD8+ and CD4+ donor T cells also showed less inflammatory cyto-
kine production and migration to GVHD target organs. We developed a novel
peptide to specifically inhibit SLP76:ITK interactions, resulting in decreased phos-
phorylation of PLCg1 and ERK, decreased cytokine production in human T cells,
and separation of GVHD from GVL effects. Altogether, our data suggest that in-
hibiting SLP76:ITK interaction could be a therapeutic strategy to separate GVHD
from GVL effects after allo-HSCT treatment.

INTRODUCTION

Graft-versus-host disease (GVHD) is primarily orchestrated by mature donor T cells (Breems and Lowen-

berg, 2005). Mature T cells in the graft facilitate stem cell engraftment and, most importantly, ensure the

therapeutic graft-versus-leukemia (GVL) effect (Breems and Lowenberg, 2005; Tugues et al., 2018). Howev-

er, these alloreactive T cells also facilitate the unwanted effect of GVHD (Bastien et al., 2012). Standard

immunosuppressive therapy for GVHD is not optimal because it leaves patients susceptible to opportu-

nistic infections such as Cytomegalovirus and relapse of the malignancy being treated (Bleakley et al.,

2012) (Ferrara, 2014). The pathophysiology of GVHD depends upon interactions between donor T cells

and host antigen-presenting cells (APCs). T cell receptor (TCR)-mediated activation of donor T cells by

APCs is critical for both GVHD and GVL effects (Guinan et al., 1999). Following TCR activation and expan-

sion in secondary lymphoid organs, the alloreactive T cells migrate to target organs and cause tissue dam-

age by producing inflammatory cytokines and by exhibiting cytotoxicity against healthy tissues (Ferrara,

2014). Thus, GVHD can be treated by interfering with T cell activation and proliferation using calcineurin

inhibitors (cyclosporine, tacrolimus), mTOR inhibitors (sirolimus), and antiproliferative agents (metho-

trexate, cyclophosphamide, or mycophenolate) (Reddy and Ferrara, 2008; Baxter and Hodgkin, 2002).

However, while alleviating GVHD, global inhibition of T cell activation also negates the beneficial GVL ef-

fect. Thus, specific signaling pathways, which can be targeted to allow GVL effects to occur while inhibiting

GVHD, need to be identified. T cell signaling requires a multimolecular proximal signaling complex, which

consists of adapter proteins such as SLP76 (Koretzky et al., 2006; Kambayashi et al., 2009). SLP is involved in

phosphorylation of phospholipase C-gamma isoforms by IL-2-inducible T cell kinase (ITK) in T cells (Su

et al., 1999). ITK is a critical mediator of TCR signaling (Bunnell et al., 2000).

SLP-76 activates ITK through its N-terminal tyrosine at the position Y145 (Bogin et al., 2007; Jordan et al.,

2006). When phosphorylated, the tyrosine residue 145 (Y145) of SLP76 binds to and activates the Tec family

tyrosine kinase ITK (Bogin et al., 2007). Thus, a Y/F mutation at Y145 of SLP76 leads to defective TCR-

mediated ITK activation (Jordan et al., 2006). The SLP76 Y145 and ITK interaction is involved in signaling

pathways that lead to cytokine production by T cell populations, as well as in regulating the development

of a distinct, innate-type cytokine-producing T cell population in the thymus (Atherly et al., 2006), referred

to as innate memory phenotype (IMP) T cells. CD4+ and CD8+ T cells from SLP76Y145FKI mice express

significantly higher CD122, CD44, and Eomes compared to T cells from WT mice on a basal, unstimulated
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level (Mammadli et al., 2020). Since the activation, expansion, cytokine production, and migration of allor-

eactive donor T cells to target organs are hallmarks of GVHD (Henden and Hill, 2015; Lynch Kelly et al.,

2015), efforts to understand signaling pathways that allow separation from GVL will enable us to develop

target-specific therapeutic modulators. Both CD4+ andCD8+ T cells with CD44 low (CD44lo) are considered

naive cells. CD4+ and CD8+ T cells with CD44 high (CD44hi) are considered antigen-experienced and acti-

vated cells. Both CD4+ and CD8+ T cells from SLP76Y145F- and ITK-deficient mice express a higher propor-

tion of cells with CD44hi and CD122hi (Mammadli et al., 2020). Both CD4+ and CD8+ T cells with CD44hi and

CD122hi from SLP76Y145FKI- and ITK-deficient mice arise in the thymus during development, unlike mem-

ory CD44hi CD4+ and CD8+ T cells that mainly arise in the periphery of WT mice in response to foreign an-

tigens or because of homeostatic proliferation (Mammadli et al., 2020). Experimental studies in CD44hi and

CD44lo cells arising in the periphery ofWTmice show conflicting results (Dutt et al., 2011; Zheng et al., 2009;

Loschi et al., 2015; Anderson, 2003; Huang et al., 2019). In this report, we show that WT CD8+CD44lo T cells

induce severe GVHD, and that while WT CD8+CD44hi T cells induce less GVHD, as has been reported, they

eventually cause GVHD (Zhang et al., 2005; Huang et al., 2019). In contrast, SLP76Y145FKI CD8+CD44lo

T cells are much less likely to induce GVHD, and SLP76Y145FKI CD8+CD44hi T cells do not cause GVHD

but maintain a significant GVL effect (Mammadli et al., 2020). Both CD8+ and CD4+ SLP76Y145FKI T cells

exhibit attenuated TCR signaling and an IMP as indicated by expression of high levels of CD44 and

CD122, and CD8+ SLP76Y145FKI T cells also express higher levels of the transcription factor Eomes (Huang

et al., 2014; Carty et al., 2014). Our data suggest that IMP phenotype may not be enough to separate the

wanted effect of GVL from the unwanted GVHD effect. We also show that disruption of the SLP76Y145/ITK

interaction allows T cells to differentiate GVHD from GVL effects. Proinflammatory cytokines play a key role

in the development of GVHD pathophysiology (Holler, 2002), and we further show that both CD4+ and

CD8+ T cells from SLP76Y145FKI mice have reduced proinflammatory cytokine production, both on a serum

level and a cellular level. Next, we examined how CD8+ T cells from SLP76Y145FKI mice maintained GVL

effects. We also observed that about 70–80% CD8+ T cells from SLP76 Y145FKI and ITK-deficient mice ex-

press Eomes, and we found these Eomes-expressing cells to be critical for GVL effects. We further provided

evidence that Eomes-deficient WT or SLP76Y145FKI T cells did not mount a cytotoxic response against pri-

mary leukemia cells, both in vitro and in vivo (Cheng et al., 2016).Disrupting SLP76Y145 and ITK signaling in

T cells also led to defects in migration to GVHD target organs.

Finally, to make our findings clinically relevant, we developed a novel peptide inhibitor, named

SLP76145pTYR, that disrupts the interaction between SLP76 and ITK (Stritesky et al., 2012). We show

that SLP76145pTYR specifically inhibits the phosphorylation of ITK and downstream signaling molecules,

including PLCg1 and ERK, in both human and mouse T cells (Kim et al., 2009). Furthermore, treating

T cells with SLP76pTYR enhances the development of FoxP3+ mouse regulatory T cells, while significantly

reducing IFN-g (Lu and Waller, 2009) and TNF-a (Mancusi et al., 2018) production by T cells from primary

healthy human blood samples. Finally, SLP76145pTYR significantly reduced GVHD pathophysiology but

maintained GVL function in a murine allogeneic hematopoietic stem cell transplantation (allo-HSCT) major

mismatch model. Our studies therefore identify a novel, specific inhibitor capable of separating GVHD and

GVL after allo-HSCT, with potential benefits for other T cell-mediated diseases as well (Summary Figure).
RESULTS

Disruption of ITK: SLP76 Y145 signaling allows tumor clearance without inducing GVHD

We recently showed that ITK is differentially required for GVHD and GVL (Mammadli et al., 2020). There-

fore, we tested whether this distinction depends on the interaction of ITK with SLP76. T cell signaling re-

quires a multimolecular proximal signaling complex that includes adapter proteins such as SLP76 (Koretzky

et al., 2006; Kambayashi et al., 2009). When SLP76 is phosphorylated on tyrosine residue 145 (Y145), it binds

to and activates the Tec family tyrosine kinase ITK (Bogin et al., 2007). Thus, a Y/Fmutation at Y145 of SLP-

76 leads to defective TCR-mediated ITK activation (Jordan et al., 2006), with effects on signaling pathways

that lead to cytokine production by T cell populations. Given the role of SLP76 in regulating ITK signaling

downstream of the TCR, we tested whether GVL effects would remain intact when allo-BMT was performed

with T cells from SLP76 Y145FKI mice. To induce GVHD, we used MHC-mismatched donors and recipients,

with T cell-depleted bone marrow (TCDBM) from B6.PL-Thy1a/CyJ (Thy1.1) mice, donor T cells from C57BL/

6 (B6) WT or SLP76Y145FKI mice (MHC haplotype b), and lethally irradiated BALB/c (MHC haplotype d)

mice as recipients. Recipient mice were injected intravenously with 10X106 wild-type (WT) TCDBM cells

along with 23106 FACS-sorted donor T cells (1X106 CD8+ and 1X106 CD4+). 2X105 luciferase-expressing

primary B-cell acute lymphoblastic leukemia (B-ALL)-luc blast cells as previously described (Cheng et al.,
2 iScience 24, 102286, April 23, 2021



Figure 1. Disruption of ITK / SLP76 Y145 signaling allows tumor clearance without inducing GVHD

1X106 purified CD8+ T cells and 1X106 purified CD4+ T cells fromWT or SLP76 Y145FKI mice were mixed at a 1:1 ratio and

transplanted with 2X105 B-ALL cells and 10 3 106 T cell-depleted bone marrow (TCDBM) cells transplanted into irradiated

BALB/c mice. Host BALB/c mice were imaged using the IVIS 50 system three times a week.

(A) Group one received 10 3 106 T cell depleted bone marrow cells (TCDBM) only. Group one mice are used as negative

controls while imaging other groups that have luciferase-expressing primary leukemia cells. Group two received 10X106

TCDBM with 2X105 B-ALL-luc cells (TCDBM + B-ALL luc). The third group was transplanted with 10X106 TCDBM cells and

1X106 purified WT CD8+ and 1X106 CD4+ T cells (1:1 ratio) along with 2X105 B-ALL -luc cells (TCDBM + B-ALL-luc + WT

CD8+ and CD4+). Group four received 10X106 TCDBM cells and 1X106 purified CD8+ and 1X106 CD4+ T cells (1:1 ratio from

SLP76 Y145FKI) along with 2X105 B-ALL-luc B-ALL-luc cells (TCDBM + B-ALLluc + SLP76Y145F CD8+CD4).

(B–D) (B) We monitored the survival of recipient animals, (C) body weight changes, and (D) clinical score for 65 days post-

BMT. For weight changes and clinical score, one representative of 2 independent experiments is shown (n = 3 mice/group

for BM alone; n = 5 experimental mice/group for all three groups).

(E) We have quantitated tumor growth via luciferase bioluminescence. Statistical analysis for survival and the clinical score

was performed using the log rank test and two-way ANOVA, respectively. Note: Controls are naive for cancer, but

transplanted with 10 3 106 T cell depleted bone marrow alone (TCDBM)and used as a negative control for BLI. See also

Figures S1 and S2.
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2016) were mixed with TCDBM and CD4 and CD8 T cells, and intravenously injected into recipient BALB/c

mice by tail vein. B-ALL is a primary B cell acute lymphoblastic leukemia, syngeneic to BALB/c mice and

allogeneic to C57BL/6 (B6) mice. B-ALL cells were mixed with donor T cells and TCDBM right before injec-

tion. Recipient BALB/c mice were monitored for cancer cell growth using IVIS bioluminescence imaging for

over 60 days (Figure 1A). Although leukemia cell growth was observed inmice given T cell-depleted BMbut

no T cells, leukemia cell growth was not seen in mice transplanted with CD4+ and CD8+ T cells from either

WT or SLP76Y145FKI mice. As expected, mice transplanted with WT CD4+ and CD8+ T cells suffered from

GVHD, while mice transplanted with SLP76 Y145FKI CD4+ and CD8+ T cells displayed minimal signs of

GVHD and survived for >65 days post-HSCT and tumor challenge (Figure 1). Most animals transplanted

with SLP76Y145FKI T cells survived for more than 65 days post-allo-HSCT (Figure 1B), with significantly bet-

ter survival and reduced clinical scores compared to those transplanted with WT T cells (scored based on

weight, posture, activity, fur texture, and skin integrity as previously described (Cooke et al., 1996) (Figures

1C and 1D)). BALB/c mice transplanted with SLP76Y145FKI T cells showed only residual tumor cell growth

(as measured by bioluminescence), indicating that the donor cells maintained GVL functions similar to WT

T cells (Figure 1E). Donor CD8+ T cells aremore potent than CD4+ T cells in mediating GVL effects, but both

CD4+ and CD8+ T cells mediate severe GVHD in mice and humans (Amir et al., 2012; Yu et al., 2006; Wu

et al., 2013). To determine whether CD4+ T cell-intrinsic SLP76:ITK signaling might be sufficient to induce

GVHD, we repeated the same experiments using purified CD4+ T cells from either WT or SLP76Y145FKI

mice in the MHC-mismatch mouse model of allo-HSCT (B6/BALB/c) (Figures S1A–S1C). Recipients of
iScience 24, 102286, April 23, 2021 3
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WT CD4+ T cells exhibited worse survival than mice receiving TCDBM cells alone (Figure S1A). In contrast,

recipients of TCDBM mixed with SLP76Y145FKI CD4+ T cells had greatly reduced mortality and clinical

scores compared to those given WT CD4+ T cells (Figure S1C), indicating that CD4+ T cell-intrinsic

SLP76:ITK signaling can contribute to the severity of GVHD.

To test whether the IMP observed in SLP76Y145FKI T cells is necessary to separate the effects of GVL

from GVHD, irradiated recipient BALB/c (MHC haplotype d) mice were transplanted with sorted CD8+-

CD44hi (expressing the IMP) or CD8+CD44lo (control) T cells from WT or SLP76Y145FKI mice (Figure S2A).

Before transplantation into recipient mice, donor T cells were examined for CD44 expression before and

after sorting based on CD44 expression. Recipient mice were injected with 10X106 WT C57Bl/6 TCDBM

cells, with or without 1X106 FACS-sorted CD8+ CD44loCD122lo or CD8+CD44hiCD122hi (IMP) T cells

from WT or SLP76Y145FKI mice (Figure S2B). Recipient mice were challenged with 1X105 primary B-

ALL-luc (Cheng et al., 2016) tumor cells and monitored for survival, weight changes, clinical score, and

tumor burden (monitored by bioluminescence imaging twice a week) for at least 60 days (Figure S2B).

We found that WT CD8+CD44loCD122lo T cells cleared the tumor, but recipients developed acute

GVHD, while WT CD8+CD44hiCD122hi IMP T cells cleared the tumor but exhibited delayed induction

of GVHD. In contrast, CD8+CD44hiCD122hi IMP (Mammadli et al., 2020) T cells from SLP76Y145FKI

mice cleared the tumor, but recipients did not develop GVHD, while CD8+CD44loCD122lo T cells from

SLP76Y145F mice cleared the tumor effectively, but three out of 10 mice developed GVHD. These

data indicate that WT donor CD8+CD44hiCD122hi IMP T cells exhibited delayed GVHD but eventually

caused GVHD, while SLP76Y145FKI CD8+CD44hiCD122hi IMP T cells induce GVL but avoid the induction

of GVHD (Figures S2B–S2F).
SLP76Y145FKI T cells produce less proinflammatory cytokines and exhibit reduced

proliferation

Proinflammatory cytokine production by donor T cells is considered to be one of the hallmarks of GVHD

(D’Aveni et al., 2015). To assess whether CD4+ or CD8+ T cells with attenuated TCR signaling produce

inflammatory cytokines similar to CD4+ or CD8+ T cells from WT mice, we transplanted 1X106 CD4+ or

CD8+ T cells in separate experiments from either WT mice or SLP76Y145FKI mice to irradiated BALB/c

mice as recipients. At day seven post-transplantation, recipient BALB/c mice were sacrificed, and serum

was obtained and assessed for levels of the proinflammatory cytokines IL-33, IL-1a, IFN-g, TNF-a, and IL-

17A by multiplex ELISA (Figures 2A and 2B). We discovered that recipient animals transplanted with

CD4+ or CD8+ T cells (in separate experiments) from SLP76Y145FKI mice had significantly less produc-

tion of proinflammatory cytokines compared to recipient mice transplanted with CD4+ or CD8+ T cells

from WT mice (Figures 2A and 2B). To examine the sources of these observed proinflammatory cyto-

kines, we restimulated spleen cells from recipient mice that were transplanted with CD4+ or CD8+

T cells from WT or SLP76Y145FKI mice in separate experiments. Spleen cells were restimulated with

anti-CD3 and anti-CD28 in the presence of Brefeldin A, and donor CD4+ and CD8+ T cells were gated

by flow cytometry using anti-H2Kb antibodies (expressed by donor cells), anti-CD3, anti-CD4, and anti-

CD8. We observed that donor CD4+ and CD8+ T cells from SLP76Y145FKI mice produced significantly

less IFN-g and TNF-a compared to donor CD4+ and CD8+ T cells from WT mice. Thus, these data

confirm that the changes in proinflammatory cytokine serum levels result from changes in production

by the donor T cells, and that T cells from TCR-attenuated mice produce less inflammatory cytokines

(Figures 2C–2E). To examine whether SLP76Y145FKI T cells are capable of producing cytokines in gen-

eral, spleen cells from recipient mice transplanted with either WT or SLP76Y145FKI T cells were stimu-

lated with PMA/ionomycin (to bypass the proximal signaling defect (Figure S3)), or left unstimulated

for 6 hr in the presence of Brefeldin A, followed by the analysis of IFN-g and TNF-a production.

SLP76Y145FKI T cells were capable of producing IFN-g and TNF-a when T cell signaling was bypassed

by re-stimulation with PMA and ionomycin (Figure S3); however, compared to WT T cells, they produced

significantly less inflammatory cytokines when stimulated via TCR (anti-CD3 and anti-CD28) (Figures 2C–

2E). Next, we determined whether the reduction in cytokine production by SLP76Y145FKI donor T cells

was due to cell-intrinsic or cell-extrinsic factors. We mixed purified SLP76Y145FKI CD8+ and CD4+ T cells

with purified WT CD8+ or CD4+ T cells separately at a 1:1 ratio, and transplanted the mixed cells into

irradiated BALB/c mice as described above. The congenic markers CD45.1 (WT C57BL/6) and CD45.2

(SLP76Y145FKI) were used to distinguish donor cells from the different strains of mice within the same

recipient. On day 7, donor T cells were isolated from recipient mice using flow cytometry (anti-H2Kb)

and examined for IFN-g and TNF-a expression as described above. We found that WT donor CD8+
4 iScience 24, 102286, April 23, 2021



Figure 2. SLP76Y145FKI donor CD8+ and CD4+ T cells exhibit reduced cytokine production and reduced proliferation

1X106 purified CD8+ or CD4+ T cells from C57Bl/6 WT or C57Bl/6 SLP76Y145FKI (MHC haplotype b) mice were transplanted into irradiated. BALB/c (MHC

haplotype d) mice in separate experiments.

(A and B) At day seven post-allo-HSCT, recipient BALB/c mice transplanted with either CD8+ or CD4+ T cells were euthanized, and ELISA was performed to

determine serum cytokines (IL-33, IL1a, IFN-g, TNF-a, and IL-17A) from recipient mice.

(C and D) Donor CD4+ or CD8+ T cells were examined for IFN-g and TNF-a by intracellular staining after stimulation with anti-CD3/anti-CD28, as determined

by flow cytometry.

(E) Donor CD8+ or CD4+ T cells from several experiments were examined for IFN-g and TNF-a as above.

(F) Flow cytometry analysis of purified CD4+ or CD8+WT and SLP76Y145FKI T cells that were mixed at a 1:1 ratio for transplantation into irradiated BALB/c

mice. At day seven donor T cells were stimulated with anti-CD3/anti-CD28 and then were gated for expression of H-2Kb, CD45.1, CD 45.2. on WT T cells and

SLP76Y145FKI cells and intracellular expression of IFN-g and TNF-a analyzed by flow cytometry. Combined data from two independent experiments is

shown, and the p value for each experiment is shown.

(G) Purified CD8+ or CD4+ WT or SLP76Y145FKI donor T cells were transplanted into irradiated BALB/c mice. On day seven, donor T cells were analyzed for

donor CD8+ or CD4+ T cell proliferation by examining BrdU incorporation by flow cytometry.

(H) Purified CD8+ or CD4+ T cells from WT or SLP76Y145FKI mice were mixed at a 1:1 WT:SLP76Y145FKI ratio and transplanted into irradiated BALB/c mice.

At day 7, splenic donor T cells were gated for the expression of H-2Kb, CD45.1, and CD45.2 and analyzed for BrdU incorporation. See also Figure S3.
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and CD4+ T cells (CD45.1) produced higher levels of inflammatory cytokines than SLP76Y145FKI donor

CD8+ and CD4+ T cells (CD45.2), suggesting that the reduced cytokine production observed by

SLP76Y145FKI donor T cells is T cell-intrinsic (Figure 2F).

Next, we examined whether SLP76Y145FKI donor T cells proliferated similarly toWT donor CD4+ and CD8+

T cells. Lethally irradiated recipient BALB/c mice were transplanted as mentioned above, with either WT or

SLP76Y145FKI donor CD4+ or CD8+ T cells. Recipient mice were injected with BrdU as described, and seven

days post-allotransplantation, recipient mice were sacrificed and examined for proliferation by BrdU incor-

poration. SLP76Y145FKI donor T cells showed reduced proliferation compared to WT donor T cells Fig-

ure 2G. To determine if the reduced proliferation by SLP76Y145FKI donor T cells was due to cell-intrinsic

mechanisms, we mixed sort-purified SLP76Y145FKI and WT CD4+ and CD8+ at a 1:1 ratio, followed by

transplantation as described above in (Figure 2G). Interestingly, no difference was observed in BrdU incor-

poration by WT and SLP76Y145FKI donor CD4+ and CD8+ T cells in spleens of recipient mice in the mixed

transplant models, indicating that the reduced proliferation of donor SLP76Y145FKI T cell proliferation was

due to cell-extrinsic effects (Figure 2H).
iScience 24, 102286, April 23, 2021 5



Figure 3. Eomes is required for cytotoxicity and GVL effect by both WT and SLP76Y145FKI T cells

(A and B) Purified WT and SLP76Y145FKI CD8+ and CD4+ T cells were examined for expression of CD44, CD122, and Eomes by flow cytometry.

(C) Purified donor CD8+ T cells from either WT or SLP76 Y145FKI Eomes-sufficient, Eomes-deficient, or Eomes-flox control mice were transplanted into

irradiated BALB/c (MHC haplotype d) mice. On day seven, donor T cells were purified as described and used in an ex vivo cytotoxicity assay against B-ALL-luc

cells at 40:1, 20:1, and 10:1 ratios.

(D) 1X106 purified WT or SLP76Y145FKI. Eomes-sufficient, Eomes-deficient, or Eomes-flox control CD8+ T cells and 1X106 purified CD4+ T cells were mixed

and transplanted along with 2X105 B-ALL-luc cells and 10 3 106 T cell-depleted bone marrow TCDBM cells into irradiated BALB/c mice. Host BALB/c mice

were imaged using IVIS 3 times a week. Group one received 10 3 106 T TCDBM alone. Group two received 10X106 TCDBM along with 2X105 B-ALL-luc cells

(TCDBM + B-ALLluc). Group three was transplanted with 10X106 TCDBM and 1X106 purified WT CD8+ T cells +1X106 CD4+ T cells, and 2X105 B-ALL-luc cells

(TCDBM + B-ALLluc + WT CD8+CD4). Group four received 10X106 TCDBM and 1X106 purified CD8+ T cells +1X106 CD4+ T cells from SLP76 Y145FKI Eomes-

sufficient mice along with 2X105 B-ALL-luc cells (TCDBM + B ALLluc + SLP75Y145FKI CD8+CD4). Group five received 10X106 TCDBM and 1X106 CD8+

T cells +1X106 CD4+ purified T cells from SLP76 Y145FKI Eomes-deficient mice along with 2X105 B-ALL-luc cells (TCDBM + B-ALLluc + SLP75Y145FKI Eomes-

cKO CD8+CD4). Group six received 10X106 TCDBM and 1X106 CD8+ T cells +1X106 CD4+ purified T cells fromWT Eomes-deficient mice along with 2X105 B-

ALL-luc cells (TCDBM + B-ALLluc + WT Eomes cKO CD8+CD4).

(E–G) (E) The mice were monitored for survival, (F) body weight changes, and (G) clinical score for 50 days post-BMT. For weight changes and clinical score,

one representative of 2 independent experiments is shown (n = 3 mice/group for BM alone; n = 5 experimental mice/group for all three groups). The survival

groups are a combination of all experiments.

(H) We have quantitated luciferase bioluminescence of tumor growth. Statistical analysis for survival and the clinical score was performed using log

calculation. Two-way ANOVA was used for statistical analysis and results were confirmed by students t-test, p values are presented. Note: Controls are naive

for tumor but transplanted with 10 3 106 T cell depleted bone marrow alone (TCDBM) and used as a negative control for BLI. See also Figure S4.
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Eomes is required for cytotoxicity and GVL effect by both SLP76Y145FKI and WT T cells

The IMP (IMP: CD44hiCD122hiEomeshi) (Mammadli et al., 2020; Huang et al., 2013) of SLP76Y145FKI CD8+

and CD4+ T cells arises in the thymus during development, as opposed to memory CD8+ and CD4+ T cells

that are also CD44hi, but largely arise in the periphery of WT mice in response to foreign antigens or due to

homeostatic proliferation (Weinreich et al., 2010). We examined pre-transplanted CD4+ and CD8+ T cells

for the CD44 and CD122 phenotype, and CD8+ T cells for CD44, CD122, and Eomes expression, and

observed that SLP76Y145FKI T cells expressed higher levels of CD44, CD122, and Eomes compared to

CD8+ T cells from WT mice (Figures 3A and 3B).

To further investigate the role of Eomes in tumor clearance and cytotoxic function, we crossed

SLP76Y145FKI mice with Eomesflox/flox mice and crossed these offspring with CD4cre to delete Eomes spe-

cifically in both CD4+ and CD8+ T cells (Jordan et al., 2008; Carty et al., 2014; Pikovskaya et al., 2016)

(SLP76Y145FKI Eomes conditional knockout, SLP76Y145FKI cKO). To obtain ex vivo activated cells, we
6 iScience 24, 102286, April 23, 2021
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performed similar allo-HSCT experiments as described above and used WT or SLP76Y145FKI CD8+ T cells

with or without Eomes expression. Seven days post-transplant, donor CD8+ T cells were sorted as previ-

ously described by H2Kb positivity, and in vitro cytotoxicity assays were performed at a 40:1, 20:1, and

10:1 ratio (effector: target). We observed that donor T cells lacking Eomes from either SLP76Y145FKI or

WT mice could not kill tumor targets (Figure 3C). Next, we examined the role of Eomes in the allo-HSCT

model. Lethally irradiated BALB/c mice were injected intravenously with 10X106 WT T cell-depleted BM

cells along with 1X106 FACS-sorted CD8+ and CD4+ T cells from either WT mice or SLP76Y145FKI

Eomesflox/flox (SLP76Y145FKI Eomes cKO) mice, with or without CD4cre (to delete Eomes specifically in

CD4+ and CD8+ T cells), along with 2X105 luciferase-expressing B-ALL-luc blast cells as described (Cheng

et al., 2016). Recipient animals transplanted with WT T cells cleared the tumor cells but developed acute

GVHD (Figure 3D). Recipient animals transplanted with Eomes sufficient (Eomesflox/flox mice without

CD4cre) SLP76Y145FKI T cells cleared the tumor without showing signs of GVHD (Figure 3D). These animals

were monitored for survival (Figure 3E) and weight loss (Figure 3F). Recipient animals were also evaluated

for clinical score 2–3 times per week by a scoring system that sums changes in 6 clinical parameters: (1)

weight loss, (2) posture, (3) activity, (4) fur texture, (5) diarrhea, and (6) skin integrity (Cooke et al., 1996).

Animals that lost R30% of their initial body weight were euthanized (Figure 3G). The bioluminescence

data were analyzed and quantified with Living Image Software (Xenogen) and Igor Pro (Wave Metrics,

Lake Oswego, OR) (Figure 3H). Notably, recipient animals transplanted with Eomes-deficient (Eomesflox/flox

mice with CD4cre, called SLP76Y145FKI Eomes cKO) T cells could not clear the tumor, and all died from

tumor burden. Recipient animals transplanted with WT Eomes-deficient (Eomesflox/flox mice with CD4cre,

called WT Eomes cKO) T cells developed severe GVHD and were also unable to clear transplanted leuke-

mia cells. We have confirmed the deletion of Eomes using the Eomesflox/flox CD4 cre mice by flow cytometry

(Figure S4). These data provided further evidence that Eomes is required for the GVL effect.
SLP76Y145/ITK signaling is required for T cell migration to the GVHD target tissues

GVHD involves early migration of alloreactive donor T cells into the target organs, followed by T cell expan-

sion and tissue destruction (Ferrara, 2014). Modulation of alloreactive T cell trafficking has been suggested

to play a significant role in ameliorating experimental GVHD (Lu et al., 2010). Therefore, we examined

the trafficking of donor T cells to GVHD target tissues, as previously described (Lu et al., 2010). Irradiated

BALB/c recipient mice were injected with CD8+ and CD4+ T cells from C57Bl/6 background SLP76Y145FKI

(CD45.2+) and WT B6LY5 (CD45.1+) mice mixed at a 1:1 ratio (Figure 4A), and seven days post-transplan-

tation, recipient mice were examined for the presence of donor CD8+ and CD4+ T cells in the spleen, lymph

nodes, liver, and small intestines (SIs). While the WT: SLP76Y145FKI T cell ratio for both CD8+ and CD4+

cells remained approximately 1:1 in the spleen and lymph nodes (Figures 4B and 4C), this ratio in the liver

and small intestine was significantly elevated, suggesting that SLP76Y145FKI CD8+ and CD4+ T cells were

defective in migration to and expansion in those tissues (Figures S5A and S5B). Using histological staining

for H&E, we also observed significant leukocyte infiltration into GVHD target organs such as liver, skin, and

SI (Cho et al., 2020), in WT T cell recipients but not in SLP76Y145FKI T cell recipients (Figure 4D).

Pro-inflammatory conditioning treatment may promote donor T cell migration into GVHD target tissues

(Wysocki et al., 2004; Seif et al., 2017). We therefore examined if the observed defect in trafficking was

due to chemokine receptor expression on donor T cells. Irradiated BALB/c recipient mice were injected

with WT and SLP76Y145FKI CD8+ and CD4+ T cells as described previously, and at seven days post-trans-

plantation, donor CD4+ and CD8+ T cells were FACS sorted from the recipient using H2Kb expression. Pu-

rified donor CD4+ and CD8+ T cells were examined for chemokine receptor expression by qPCR. Indeed,

we found that expression of chemokine receptors and other molecules that play a critical role in T cell

migration (CXCR3, CX3r1, CXCR1, CCR12, s1pR1, CrTAM, CXCR6, CCR9, CXCR5, CXCr4) were significantly

reduced in SLP76Y145FKI CD8+ and CD4+ T cells at day 7 post-transplantation compared to WT CD8+ and

CD4+ T cells (Figures 4E and 4F).

As an alternative approach, we tracked both CD8+ and CD4+ T cells in allo-BMTmice by using donor CD8+

and CD4+ T cells from WT and SLP76Y145FKI mice that also express luciferase, which could be monitored

by bioluminescence (Negrin and Contag, 2006). We observed that both CD8+ and CD4+ donor T cells from

SLP76Y145FKI mice had significantly impaired residency in GVHD target organs—including the liver and

SI—compared to WT, despite no differences in spleen and lymph nodes (Figure 4G). Luciferase biolumi-

nescence was quantified for secondary lymphoid organs (spleen and lymph nodes) and GVHD target or-

gans (SI and liver) (Figures S6A and S6B). These data suggest that SLP76Y145FKI CD8+ and CD4+ T cells
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Figure 4. SLP76Y145/ITK signaling is required for T cell migration to the GVHD target tissues

(A) Irradiated BALB/c mice were allo-transplanted and injected with FACS-sorted CD8+ or CD4+ T cells mixed at a 1:1 ratio fromWT B6.SJL (Ly5 CD45.1) and

WT C57B16 (CD45.2) mice. We also transplanted FACS-sorted CD8+ or CD4+ T cells from B6.SJL (Ly5 CD45.1) and SLP75Y145FKI (C57B16 in background,

CD45.2) mice at a 1:1 ratio. FACS analysis of sorted T cells pre-transplant is shown.

(B and C) On day seven post-transplantation, the spleen, liver, and small intestine (SI) from recipients were examined for donor CD4 and CD8+ T cells by

H2Kb+ CD45.1+ (LY5) or CD45.2+(B6). We also examined donor CD4 or CD8+ T cells from WT mice by H2Kb+ CD45.1+, and from SLP75Y145FKI mice by

H2Kb+ and CD45.2+. The ratio of WT: SLP75Y145FKI CD8+ and CD4+ T cells in the organs was determined.

(D) We transplanted either CD4+ or CD8+ T cells separately into irradiated BALB/c mice, in separate experiments. At day 7 post-allo-HSCT, liver and small

intestines were examined by H&E staining (10X) magnification).

(E and F) On Day 7 post-allo-HSCT, donor CD8+ or CD4+ T cells from separate experiments were isolated and examined for the expression of CXCr3, CX3r1,

CXCr1, CCR12, s1pR1, CrTAM, CXCR6, CCR9, CXCR5, and CXCr4 using q-PCR. p values were calculated using two-way ANOVA and Student’s t test, p values

are listed.

(G) Irradiated BALB/c mice were BM-transplanted and injected with CD8+ T cells and CD4+ T cells from luciferase-expressing WT or SLP75Y145FKI mice

(C57Bl/6 background). On day 7 post-allo-HSCT, recipient BALB/c mice were injected with D-luciferin. Spleen, lymph nodes, liver, and small intestine were

examined for donor CD8+ T cells or CD4+ T cells by luciferase expression. One representative of 2 independent experiments is shown (n = 3 mice/group for

control, n = 5 mice for WT, and n = 5 mice for SLP75Y145FKI. p values were calculated using two-way ANOVA and Student’s t test, p values are listed). See

also Figures S5 and S6.
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display attenuated chemokine receptor expression, which correlates with defective migration to GVHD

target organs and reduced target organ pathology.

Novel peptide inhibitor SLP76pTYR specifically targets ITK signaling and enhances Treg cell

development

Since T cells from SLP76Y145FKI mice can separate GVHD from GVL, we sought to determine whether

disruption of ITK signaling with pharmacological agents would have a similar effect. When we used several

commercially available small molecule inhibitors, including 10n (Carson et al., 2015; Riether et al., 2009),

CTA056 (Guo et al., 2012), and GSK2250665A (Alder et al., 2013), we observed that these small molecules

also inhibit several other kinases including mTOR and AKT, suggesting that these molecules were not spe-

cific (Figures S7A–S7F). Thus, we sought to design a novel inhibitor that would explicitly target the SLP76-

ITK interaction and signaling by preventing the SH2 domain of ITK from docking onto SLP76 at tyrosine 145.

Since evolution usually selects residues at specific protein:protein interfaces for certain properties (Plet-

neva et al., 2006), we analyzed the physico-chemical and structural properties of the interface of the

SH2 domain and SLP76-pY145 in our quest to generate a potent inhibitor of the ITK-SH2 domain:
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Figure 5. Development of a novel peptide that disrupts the interaction between SLP76 and ITK

(A) NMR spectroscopy structure of murine ITK SH2 domain showing its complex with a peptide containing a pTyr residue (PDB code:2ETZ) that was

previously solved by Pletneva et al. (46). The SH2 domain is rendered in surface representation (wheat), while the peptide derived from residues 143–148 of

SLP76 with a sequence (143ADpYEPP148) is shown in stick model. In contrast, our SLP76pTYR inhibitor consists of residues 132–155 of SLP76.

(B) Electrostatic profile is shown, calculated using the APBS plugin in Pymol.

(C) Top: Organization of the domain architecture of full-length ITK showing the c-terminal Kinase domain, Src-homology 2 (SH2), the Src-homology 3 (SH3)

domains, the intrinsically disordered proline-rich region (PRR), and the N-termimal Pleckstrin homology (PH) and Tec homology (TH) domains. Bottom:

Organization of the domain architecture of full-length SLP76 adaptor protein showing the N-terminal SAM domain, the intrinsically disordered region

containing phosphotyrosines pY112, pY128, pY145, which are followed by a proline-rich domain (PRD) and a C-terminal SH2 domain. Bottom: Design of the

novel peptide, SLP76pTYR with an N-terminal FITC tomonitor the peptide in cells and a C-terminal TAT sequence (GRKKRRQRRRPQ TAT sequences) for cell

membrane permeability. Also shown are the amino acid sequence of residues 132–155 of SLP76, which was used to design the SLP76pTYR peptide inhibitor.

(D) T cells were examined for percentage FITC positive by fluorescence microscopy. A single cell in focal plane near the cover glass was imaged.

(E) Primary cells cultured with SLP76pTYR or the non-specific peptide were washed and examined for FITC expression by flow cytometry.

(F) Quantification of the FITC expression for (E). We used two-way ANOVA for statistical analysis and confirmed our statistical finding by Student’s t-test was

performed. See also Figure S7.
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SLP76-pY145 interaction (Figures 5A and 5B). We examined the Y145 region of SLP76 to design a short pep-

tide that can inhibit ITK via competitive binding. In addition, to avoid the unintended non-specific binding

of our peptide to the more than hundred other SH2 domains (and/or to other unexpected targets) in vivo

(Andersen et al., 2019), we incorporated as many distinctive features of the SLP76 region around the pY145

as possible. We used the previously published atomic-resolution NMR spectroscopy structures of the SH2

domain of ITK, free and in complex with a short peptide containing a pTyr residue (Pletneva et al., 2006), as

a guide (Figure 5A). The SH2 domain of ITK contains a complementary electrostatic surface, because the

phosphotyrosine binding pocket, as well as the surrounding surface groove, is highly positively charged,

suggesting that electrostatics most likely will play a vital role in this interaction (Figure 5B). These efforts

led to the design of a novel SLP76pTYR peptide predicted to bind to the ITK SH2 domain and prevent

ITK from docking onto SLP76 at the tyrosine at 145 position (Figure 5C). BLASTing (Altschul et al., 1990)

the peptide sequence of our novel peptide SLP76145pTYR against the non-redundant human proteome

showed minimal identity with other proteins, suggesting that the interaction between SLP76pTYR and

the SH2 domain is unique, and most likely will be specific toward ITK signaling. The SLP76pTYR construct

consists of two components (Figure 5C): (i) amino acid residues 132 to 155 of SLP76 with phosphorylated

tyrosine at position 145 and (ii) a TAT peptide sequence (GRKKRRQRRRPQ) for cell membrane penetration

(i.e. 132NEEEEAPVEDDADpYEPPPSNDEEA155-TAT). To test the effect of this construct to inhibit the
iScience 24, 102286, April 23, 2021 9



Figure 6. Novel peptide SLP76pTYR specifically targets SLP76:ITK signaling and enhances Treg cell development

(A) Murine CD4+ T cells were examine for total CD4+ and FOXP3 expression prior to treatment with SLP76pTYR. n = 3, and one representative experiment is

shown.

(B) Total T cells stimulated in the presence of SLP76pTYR, nonspecific peptide, or vehicle alone were examined for total CD4 cells that are FoxP3+. n = 3, and

one representative experiment is shown.

(C) Quantification of three experiments as in (A).

(D) Cell lysates were obtained from mouse T cells stimulated with anti-CD3 and anti-CD28 in the presence of SLP76pTYR, or vehicle alone. Lysate from

stimulated cells and non-stimulated cells were examined for phosphorylated ITK, total ITK (size 50–75kDa), phosphorylated PLCg1, total PLCg1 (size

~155kDa), phosphorylated ERK, total ERK (size ~42kDa), phosphorylated PI3K, total PI3K, (size ~85kDa), phosphorylated AKT, and total AKT (size ~60kDa).

n = 3 and one representative experiment is shown.

(E) Cell lysates from human T cells, non-stimulated or stimulated with OKT3 for 5min in the presence of SLP76pTYR or vehicle alone, were examined for

phosphorylated pPLCg1 and total PLCg1 on stimulated and non-stimulated T cells. Cell lysate from stimulated and non-stimulated cells were examine for

pERK and total ERK. Lysates from stimulated and non-stimulated were also examined for phosphorylation and total AKT. n = 3 and one representative

experiment is shown.

(F) Primary human T cells from PBMCs were stimulated with anti-CD3 and anti-CD28, or with PMA/Ionomycin, for 6 hr in the presence of vehicle alone or

SLP76pTYR in the presence of Brefeldin A (BFA) (Webb et al., 2015). Intracellular IFN-g and TNF-a expression by CD8+ and CD4+ T cells was determined by

flow cytometry. For statistical analysis we used two-way ANOVA and Student’s t test. p values are presented. See also Figure S8.
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interaction of ITK and SLP76, we cultured T cells with a FITC-conjugated SLP76pTYR peptide, vehicle, or

nonspecific peptide, and examined the cells for FITC uptake using microscopy and flow cytometry. We

observed that significant numbers of cells were positive for FITC following treatment with the SLP76pTYR

peptide (Figures 5D–5F). The peptide was localized in specific locations in the cell as observed by imaging

the cells in a single focal plane near the cover glass. This result would be expected if the peptide were bind-

ing to ITK in signalosomes in the cell (Figure 5D).

ITK deficiency is known to enhance the development of regulatory T cells (Tregs) (Elmore et al., 2020; Owen

et al., 2019) so we tested the peptide inhibitor to determine whether inhibition of the ITK:SLP76Y145 inter-

actions using SLP76pTYR would induce Tregs. First, we examined the frequency of Tregs by expression of

CD4+ and FoxP3+ (Figure 6A). Next, total mouse T cells were stimulated with anti-CD3 (Sugie et al., 2004) in

the presence of either SLP76pTYR, non-specific peptide, or vehicle alone for 5 to 24 hr, and cells were har-

vested and examined for the presence of Tregs (CD4+CD25+FoxP3+). We observed significantly enhanced

differentiation of Treg cells in T cell cultures treated with SLP76pTYR peptide compared to vehicle alone or

nonspecific peptide (Figures 6B and 6C). Next, we stimulated mouse T cells with anti-CD3 and anti-CD28

for 5 min, in the presence of SLP76pTYR or vehicle alone, and observed a reduction in ITK phosphorylation.
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We did not observe a reduction in non-stimulated phosphorylation ITK, nor did we observe any reduction

for non-stimulated total ITK or stimulated total ITK. Similarly, we only observed a reduction in stimulated

phosphorylation PLCg-1; we did not observe any reduction with non-stimulated phospho-PLCg-1 or either

stimulated or non-stimulated PLCg-1. We also observed similar effects on ERK as those we observed in ITK

and PLCg-1(Figures 6D and S8A–S8C). We did not observe any differences in the phosphorylation of PI3K

or AKT, either stimulated and non-stimulated, or on total PI3K and AKT (Figures 6D, S8D, and S8E). Next,

we investigated the effects of SLP76pTYR peptide on human PBMC samples from healthy human patients.

T cells from these patients were stimulated with anti-CD3 (OKT3) (Karimi et al., 2005) for 5 min in the pres-

ence of SLP76pTYR or vehicle alone. We observed reduced phosphorylation of PLCg1 and ERK, in stimu-

lated T cells (Figure 6E). We did not observe any differences in non-stimulated phospho PLCg1 and ERK

(Figures 6E, S8F, and S8G). We also did not observe any differences in total AKT or either stimulated or

unstimulated phospho AKT. We also did not observe any differences in stimulated or unstimulated total

human AKT (Figures 6E and S8H), providing evidence that the SLP76pTYR peptide has an impact on

signaling pathways downstream of SLP76 in both mouse and human T cells. Notably, SLP76pTYR peptide

exhibited minimal off-target effects against other kinases, including PI3K and AKT (Figures S8A–S8H). It is

possible that PI3K and AKT lie downstream of ITK, but that the specific pathways affected by the disruption

of the SLP76:ITK interaction does not affect the activation of PI3K and AKT. These data provide further ev-

idence that our peptide affects early T cells signaling (Figure 6E). Next, we investigated the ability of

SLP76pTYR peptide to affect the production of proinflammatory cytokines in human PBMCs. T cells from

healthy human were stimulated with anti-CD3 (OKT3) and anti-CD28 in the presence of SLP76pTYR or

vehicle alone, along with Brefeldin A. We also examined T cells incubated with SLP76pTYR or vehicle alone

in the presence of PMA+ Ionomycin and Brefeldin A for 6 hr. Our data show that T cells stimulated with anti-

CD3/anti-CD28 had significantly reduced IFN-g and TNF-a production when incubated in the presence of

SLP76pTYR compared with the vehicle alone (Figure 6F).

Inhibition of SLP76-ITK interaction and signaling by the peptide SLP76pTYR allows tumor

clearance without inducing GVHD

Next, we examined whether our peptide can inhibit SLP76:ITK interaction in vivo and separate GVL from

GVHD as proof of principle for the approach. WTCD8+ and CD4+ T cells weremixed at a 1:1 ratio and trans-

duced with a retrovirus carrying SLP76pTYR-pCherry or empty vector. Lethally irradiated recipient BALB/c

mice were transplanted with 103 106 T cell-depleted BM (TCDBM) as described, alone or together with WT

CD8+ and CD4+ T cells transduced with SLP76pTYR-pCherry or empty vector-carrying virus. Recipient mice

were also given 1x105 primary B-ALL-luc tumor cells as described (Cheng et al., 2016). While tumor growth

was observed in TCDBM-transplanted mice that did not receive donor T cells, tumor growth was not seen in

mice transplanted with either untransduced T cells, or T cells transduced with either empty viruses or

SLP76pTYR-pCherry carrying viruses. Notably, mice transplanted with untransduced T cells or T cells trans-

duced with empty virus suffered from GVHD, while mice transplanted with T cells transduced with

SLP76pTYR-pCherry carrying virus survived for >40 days post-HSCT without tumor growth, with minimal

signs of GVHD (Figures 7A–7E). Tumor growth was observed in only 1 out of 9 mice in the group that

received the T cells transduced with SLP76pTYR-pCherry carrying virus (Figure 7F).

Altogether, these data demonstrate that disruption of SLP76:ITK signaling can separate GVHD from GVL.

Inhibition of ITK signaling by SLP76pTYR, by specifically targeting the SLP76 and ITK interaction, allows tu-

mor clearance and minimizes development of GVHD. Finally, our novel peptide inhibitor of ITK is specific

and has the potential to be used in a clinical setting for T cell-mediated disorders. (Summary Figure)

DISCUSSION

This report shows that targeting the SLP76:ITK interaction and its downstream factors significantly sup-

presses GVHD pathogenesis while maintaining GVL effects in an allo-HSCTmodel. Since GVHD is primarily

caused by donor T cells, modulating donor T cells by specifically targeting kinase activity will enable us to

separate GVHD from GVL. Our data suggest that the SLP76:ITK signaling pathway could represent a po-

tential target for the separation of GVHD and GVL responses after allo-HSCT.

The adapter protein SLP76 plays an essential role in regulating T cell activation downstream of the TCR by

assembling a multimolecular signaling complex that includes ITK. The phosphorylation of SLP76 at Y145

leads to the activation and recruitment of ITK, which phosphorylates PLCg1, leading to its activation, mobi-

lization of calcium, and activation of the NFAT transcription factor (Sahu and August, 2009). T cells that carry
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Figure 7. Inhibition of T cells by the peptide SLP76pTYR allows tumor clearance without inducing GVHD

(A) Purified WT CD8+ and CD4+ T cells were mixed (1X106 total) at a 1:1 ratio, and transduced with viruses containing

SLP76pTYR or empty vector, then transplanted along with 1X105 B-ALL- luc cells and 53 106 T cell-depleted bonemarrow

cells into irradiated BALB/c mice. Host BALB/c mice were imaged using IVIS 200 3 times a week. Group one received 103

106 T cell-depleted bone marrow alone (TCDBM). Group two received 10X106 TCDBM along with 1X105 B-ALL-luc cells

(TCDBM + B-ALLluc). The third group was transplanted with 10X106 TCDBM and a 1:1 ratio of purified WT CD8+ and CD4+

T cells (1X106 total) along with 1X105 B-ALL-luc cells (TCDBM + B-ALLluc + WT CD8+CD4). Group four received 10X106

TCDBM and a 1:1 ratio of purifiedWT CD8+ and CD4+ T cells (1X106 total) transduced with control viruses along with 2X105

B-ALL-luc cells (TCDBM + B-ALLluc + EmptyCD8+CD4). Group five received 10X106 TCDBM, a 1:1 ratio of purifiedWT CD8+

and CD4+ T cells (1X106 each) transduced with SLP76pTYR-carrying viruses, and with 1X105 B-ALL-luc cells (TCDBM + B-

ALLluc + SLP76pTYR virus CD8+CD4).

(B–D) (B) The mice were monitored for survival, (C) body weight changes, and (D) clinical score for 40 days post BMT. For

weight changes and clinical score, one representative of 2 independent experiments is shown (n = 3 mice/group for BM

alone; n = 5 experimental mice/group for all three group).

(E) Quantitated luciferase bioluminescence of tumor growth.

(F) Tumor incidence for each of the experimental groups.

Statistical analysis for survival and clinical score was performed using log rank test and two-way ANOVA, respectively.

Note: Controls are naive for tumor, but transplanted with 10 3 106 T cell depleted bone marrow alone (TCDBM) and used

as a negative control for BLI.
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a Y145F mutation in SLP76 fail to phosphorylate and activate PLCg1 in response to TCR stimulation (Jordan

et al., 2008). Although T cells expressing the SLP76 Y145Fmutation exhibit signaling defects downstream of

TCR stimulation, not all T cell functions are lost when ITK recruitment and activation is defective. For

example, SLP76Y145FKI mice can clear acute LCMV infection (Smith-Garvin et al., 2010). The ability of

T cells from SLP76Y145FKI mice to induceGVL without GVHD indicates that the SLP76:ITK pathway controls

these functions. Several groups have reported that both naive CD44lo CD4+ and CD8+ T cells can induce

lethal GVHD, while CD44hi T cells do not (Dutt et al., 2011). Since a high proportion of CD4+ and CD8+

T cells from SLP76 Y145Fmice are CD44hi and CD122hi and express higher levels of Eomes (IMP phenotype)

(Weinreich et al., 2010), we investigated the capacity of this IMP population to induce GVHD and GVL

compared to CD8+ and CD4+ CD44loCD122lo T cell populations in our allo-HSCT model. We found that

WT CD8+ and CD4+, CD44loCD122lo T cells induced acute GVHD, while CD8+ and CD4+ with IMP pheno-

type had reduced ability to do so, with significantly delayed induction of GVHD. However, animals eventu-

ally succumbed to the symptoms of GVHD, confirming previous reports (Zhang et al., 2005). Although the

SLP76Y145F mice exhibit defects in the development of other T cells in addition to the IMP cells, such as

iNKT (Gerth and Mattner, 2019; Muro et al., 2019) cells and gamma delta T cells (Muro et al., 2019; Navas

et al., 2017), we have specifically focused on the role of CD8+ and CD4+ T cells in GVL vs. GVHD. We also

noted that both CD8+ and CD4+ SLP76Y145FKI T cells with IMP phenotype as well as those lacking the IMP

phenotype exhibit GVL with reduced capacity to induce GVHD. It is likely that the altered signaling expe-

rienced by the cells with the SLP76Y145FKI mutation allows these cells to be able to have anti-tumor activity

in a T cell-intrinsic manner.
12 iScience 24, 102286, April 23, 2021



ll
OPEN ACCESS

iScience
Article
Recently, several convergent lines of evidence have suggested that inflammatory cytokines act as media-

tors of acute GVHD (Lynch Kelly et al., 2015; Holler, 2002; Ju et al., 2005). Therefore, we investigated

whether donor T cells with attenuated TCR signaling might reduce cytokine storm mediated by donor

T cells. Our data showed that both CD8+ and CD4+ T cells from WT C57Bl/6 mice (MHC haplotype b) pro-

duced significantly higher cytokines both on a serum and a cellular level when transplanted into BALB/c

mice. In contrast, both donor CD8+ and CD4+ T cells from SLP76 Y145FKI C57Bl/6 mice produced signif-

icantly less cytokines on both a serum and a cellular level. Both donor CD8+ and CD4+ T cells from

SLP76 Y145FKI also exhibited reduced expression of chemokine receptors compared to WT donor

T cells. The defective migration of donor CD8+ and CD4+ SLP76Y145FKI T cells likely contributes to the

attenuation of GVHD. The retention of T cells in secondary lymphoid organs by FTY720-mediated inhibition

of S1PR1 also ameliorates GVHD while maintaining GVL effects (Villarroel et al., 2014; Liu et al., 2012).The

chemokine receptor CXCR3 has an important role in the migration of effector T cells in GVHDmodel (Duff-

ner et al., 2003). CX3r1, CXCr1, CCR12, CrTAM, CXCR6, CCR9, CXCR5, and CXCR4 have been shown to

play a significant role in donor T cell migration to GVHD target organs (Barrett, 2015; Castor et al., 2012;

Hsiao et al., 2020). In a clinical study, blockade of these chemokine receptors by a small molecule antago-

nist led to a reduction in GVHD with no significant difference in relapse rates, suggesting that blocking

T cell migration to target tissues could reduce GVHD severity without compromising the beneficial GVL ef-

fect (Vadakekolathu and Rutella, 2017). Activated alloreactive CD8+ T cells upregulate the expression of

CX3CR1 and CXCR6 after allo-HSCT (Duffner et al., 2003; Vadakekolathu and Rutella, 2017), and these re-

ceptors are important for the homing of CD8+ T cells to the liver and intestines. Thus, CXCR6 deficiency or

blockade of the CXCR3 and CXCR6 ligands attenuates GVHD (Duffner et al., 2003), and importantly, the

GVL effect is still maintained under these conditions (Sato et al., 2005). Thus, blocking T cell migration

by chemokine receptor blockade could be beneficial in the treatment of GVHD after allo-HSCT. We

have also demonstrated as a proof of concept that specific targeting of the SLP76: ITK interactions can

be achieved to potentially differentially modulate GVL and GVHD by pharmacologic agents. Rather than

directly inhibiting the activity of the kinase domain of ITK, which could result in complete blockage of all

ITK kinase activity in T cells (and potentially non-specifically affect other tyrosine kinases), we developed

a strategy to specifically disrupt the SLP76-pY145-mediated activation of ITK function in T cells. The inter-

action between ITK and SLP76 involves the phospho-tyrosines at position pY145 and the proline-rich

domain (PRD) of SLP76 docking onto the SH2 and SH3 domains of ITK, respectively. This multivalent

anchoring of ITK on the different SLP76 docking sites results in distinct downstream signaling effects (Gra-

sis et al., 2010). Previous work fromGrasis et al. has shown that blocking the interaction between the PRD of

SLP76 and SH3 domain of ITK, using a peptide mimicking the PRD of SLP76, inhibited the TCR-induced as-

sociation between ITK and SLP-76 and the transphosphorylation of ITK, as well as actin polarization at the T-

cell contact site and expression of Th2 cytokines (Grasis et al., 2010). Based on our findings that

SLP76Y145FKI mutant T cells can mediate tumor clearance through GVL without inducing unwanted

GVHD effects, we took advantage of this fact and blocked the SLP76 pY145-mediated docking of ITK

through its SH2 domain. Thus, converting Y145 to F145 in SLP76 or preventing SH2 docking by our novel

SLP76145pTYR peptide does not entirely abolish the interaction between SLP76 and ITK, but significantly

affects ITK kinase activity and results in severe defects in specific downstream signaling pathways (An-

dreotti et al., 2010). Targeting this specific interaction would therefore retain signaling pathways that main-

tain GVL effects but ameliorate GVHD. When we utilized the SLP76pTYR peptide to specifically target ITK

signaling, we observed specific effects only on ITK signaling, without significant effects on other tyrosine

kinases. Furthermore, SLP76pTYR inhibition of ITK signaling also enhances Tregs frequency in vitro, con-

firming the peptide’s ability to affect ITK signaling and T cell effector functions. We recently reported

similar effects using a model of ITK deficiency (Mammadli et al., 2020)

This SLP76pTYR peptide significantly reduced IFN-g and TNF-a production by TCR stimulated primary hu-

man T cells isolated from PBMCs. Treatment of murine donor T cells with SLP76pTYR before transfer

resulted in tumor clearance without inducing GVHD. Future therapies involving our novel SLP76pTYR pep-

tide inhibitor and small molecule inhibitors could potentially be an effective strategy for enhancing GVL

while avoiding GVHD. Thus, more selective ITK inhibition using our SLP76pTYR peptide could be beneficial

in the treatment of autoimmune diseases while maintaining T cell effector functions.
Limitations of the study

Currently, this study’s limitation is the use of our novel peptide SLP76pTYR, which can only be used in vitro

or as a construct to transduce T cells. We are working with structural and medicinal chemists to make our
iScience 24, 102286, April 23, 2021 13
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peptide smaller and more stable, allowing it to be used for in vivo studies. From our in vitro studies, our

peptide does reproduce the effects seen in SLP76Y145FKI mice.
Resource availability

Lead contact

(1) for SLP76Y145FKI mice permission from lead contact Dr. Martha S. Jordan (University of Pennsylva-

nia) (jordanm@mail.med.upenn.edu) is required by Material transfer Agreement (MTA) rules.

(2) ITK-deficient mice permission from lead contact Dr. Avery August, Department of Microbiology and

Immunology Cornell University College of Veterinary Medicine Ithaca, NY 14853 (aa749@cornell.

edu) by MTA rules.

(3) SLP76pTYR is patented (P38257) by The Research Foundation For The State University of New York,

at SUNY Upstate Medical University Registration No. 43,497. At this point, this material is under

further consideration and might not be available immediately.

(4) For all other reagents please contact Mobin Karimi, Department of Microbiology and Immunology.

MTA rules will be applied. SUNY Upstate Medical University,766 Irving Ave Weiskotten Hall Suite

2281, Syracuse, NY 13210 (karimim@upstate.edu)

Materials availability

All resources are available to anyone by request. SLP76pTYR is under further consideration and might not

be available immediately.

Data and code availability

No software products, custom code, or algorithms were developed for this manuscript.
METHODS

All methods can be found in the accompanying transparent methods supplemental file.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.102286.
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Supplemental Information 

Transparent Methods 

Mice: SLP76 Y145FKI mice were a kind gift of Dr. Martha S. Jordan (University of Pennsylvania) 

(Jordan et al., 2008). ROSA26-pCAGGs-LSL-Luciferase, Thy1.1 (B6.PL-Thy1a/CyJ), CD45.1 

(B6.SJL-Ptprca Pepcb/BoyJ) and BALB/c mice were purchased from Charles River or Jackson 

Laboratory. Eomesflox/flox, B6.129S1, and CD4cre mice were purchased from Jackson Laboratory. Mice 

expressing Cre driven by the CMV promoter (CMV-Cre) were purchased from the Jackson Laboratory 

and crossed to ROSA26-pCAGGs-LSL-Luciferase mice (B6-luc). B6-luc mice were bred with SLP76 

Y145FKI mice to create SLP76 Y145FKI luc mice. Mice aged 8-12 weeks were used, and all 

experiments were performed with age and sex-matched mice. Animal maintenance and experimentation 

were performed in accordance with the rules and guidelines set by the institutional animal care and use 

committees at SUNY Upstate Medical University.  

 

Reagents, cell lines, flow cytometry: Most monoclonal antibodies for flow cytometric analysis were 

purchased either from eBiosciences (San Diego, CA) or Biolegend (San Diego, CA). For TCR 

mediated activation, we used anti-CD3 and anti-CD28. For flow cytometry analysis, we used mouse 

antibodies anti-CD3-FITC, anti-CD8-FITC, anti-CD4-PE anti-BrdU-APC, anti-IFN-γ-APC, anti-TNF-

α-PE, anti-CD122-APC, anti-CD25-BV421, and anti-FoxP3-APC. Mice migration studies we used anti 

CD45.1 APC, anti-CD45.2-PE, H2KB PerCP. Anti-CD44 Pacific Blue, anti-CD122 APC and anti-

Eomes PE.  Human antibodies: anti-CD3-APC, anti-CD4-PE, anti-CD8-Pacific Blue, anti-TNF-α-

Pe/Cy7, anti-IFN-γ-APC/Cy7.  For serum ELISAs, we used Biolegend LEGENDplex kits, some of 

which were custom ordered to detect both mouse and human cytokines.  For bioluminescent imaging, 

luciferin was purchased from Gold Bio (St Louis, MO). To exclude dead cells from analyses, we used 

LIVE/DEAD Fixable Aqua Dead Cell staining. All flow cytometry was performed on a BD LSR 

Fortessa flow cytometer (BD Biosciences). Flow data were analyzed with FlowJo software (Tree Star, 



Ashland, OR). T cells were purified with anti-CD8 or anti-CD4 magnetic beads using MACS columns 

(Miltenyi Biotec, Auburn, CA). Cells were sorted with a FACS Aria cell sorter (BD Biosciences). 

FACS-sorted cells showed > 95% purity. For signaling analysis, antibodies against for both human and 

mouse ITK, PLC1, ERK, GAPDH, AKT, PI3K and β-Actin (total and/or phosphoproteins) were 

purchased from Cell Signaling Technology (Danvers, MA). Cells culturing reagents were purchased 

from Invitrogen (Grand Island, NY) and Sigma-Aldrich (St. Louis, MO), unless otherwise specified. 

Primary mouse B-cell acute lymphoblastic leukemia (B-ALL) blasts and primary cells (Cheng et al., 

2016) were transduced with luciferase, and cultured as described previously (Edinger et al., 2003).  B-

ALL was chosen for this model because (1) these cells are syngeneic with BALB/c mice and allogeneic 

to C57Bl/6 mice, and (2) B-ALL was selected to be more related to human disease (Cheng et al., 2016).  

 

GVHD and GVL studies: Recipient BALB/c mice (MHC haplotype d) as recipients   

 were lethally irradiated with 800 cGy total in two split doses of 400cGy. Bone marrow cells were 

harvested from mouse legs, and total bone marrow cells were incubated with CD90.2 beads, using 

100ul of beads per mouse according to manufacturer protocols. We also depleted NK cells and by DX5 

beads, and CD122+ cells with anti PE beads. Recipient mice were injected intravenously with 10X106 T 

cell-depleted bone marrow (TCDBM) cells, with or without donor T cells, either 1X106 or 2X106 FACS-

sorted CD8+, CD4+ T cells, or CD8+ and CD4+ cells mixed at a 1:1 ratio from WT or SLP76 Y145FKI 

mice. For GVL experiments, primary B cell acute lymphoblastic leukemia (B-ALL, syngeneic to 

BALB/c and allogeneic to C57Bl/6) blasts were transduced with luciferase as described previously 

(Cheng et al., 2016), and 2X105 luciferase-expressing B-ALL-luc cells were used per recipient mouse 

unless otherwise specified. All recipient animals were examined for tumor burden twice a week from 

the time of challenge with B-ALL luc injection until 70 days post-transplant, using bioluminescence 

imaging with the IVIS 50 and IVIS 200 imaging systems (Xenogen) as previously described (Contag 

and Bachmann, 2002). Each mouse was injected with 10μg/g body weight of luciferin and imaged for 1 



minute. The bioluminescence data were analyzed and quantified with Living Image Software 

(Xenogen) and Igor Pro (Wave Metrics, Lake Oswego, OR). Recipient animals were evaluated for 

clinical score 2-3 times per week by a scoring system that sums changes in 6 clinical parameters: (1) 

weight loss, (2) posture, (3) activity, (4) fur texture, (5) diarrhea and (6) skin integrity (Cooke et al., 

1996). Animals which lost ≥ 30% of their initial body weight were euthanized.  

 

Cytokine production assays: Animals were lethally irradiated and transplanted with donor T cells as 

described above. On Day 7 post-transplantation, serum was isolated from recipient mice to examine 

cytokines in circulation. Serum was examined for IL-33, IL-1, IFN-, TNF- and IL-17 by 

multiplex cytokine assays (Biolegend LEGENDplex). For restimulation, splenocytes were processed to 

obtain single cells, and T cells were stimulated with anti-CD3 and anti-CD28 for 6 hours in the 

presence of brefeldin A (10M). After 6 hours, stimulated cells were stained for surface markers and 

stained intracellularly for cytokines (IFN- and TNF-). As a control, T cells from the same spleen 

were stimulated with PMA and ionomycin in the presence of brefeldin A.  

 

Proliferation Assays: For detection of BrdU, transplanted mice (as described above) were given BrdU 

with an initial bolus of BrdU (2 mg per 200 μl intraperitoneally) and drinking water containing BrdU (1 

mg/ml) for 2 days. BrDU incorporation was performed using a BrDU kit (Invitrogen) according to the 

manufacturer’s instructions.  

 

Cytotoxicity assays: For cytotoxicity assays, luciferase-expressing A20 and B-ALL cells (both 

allogenic to BALB/c) were seeded in 96-well flat bottom plates at a concentration of 3X105 cells/ml. 

D-firefly luciferin potassium salt (75 g/ml; Caliper Hopkinton, MA) was added to each well and 

bioluminescence was measured with the IVIS 50 Imaging System. Subsequently, ex vivo effector cells 



(MACS-sorted or FACS-sorted CD8+ T cells from bone marrow-transplanted mice) were added at 40:1, 

20:1, and 10:1 effector-to-target (E:T) ratios and incubated at 37°C for 4 hours. Bioluminescence in 

relative luciferase units (RLU) was then measured for 1 minute. Cells treated with 1% Nonidet P-40 

were used as a measure of maximal killing. Target cells incubated without effector cells were used to 

measure spontaneous death. Triplicate wells were averaged and percent lysis was calculated from the 

data using the following equation: % specific lysis = 100 × (spontaneous death RLU–test 

RLU)/(spontaneous death RLU– maximal killing RLU)(Karimi et al., 2014).  

 

Tissue Imaging: Allo-HSCT was performed with 10X106 WT T cell-depleted BM cells and 1X106 

FACS-sorted CD8+ or 1X106 FACS-sorted CD4+ T cells (from B6-luc or SLP76Y145FKI luc mice) 

and bioluminescence imaging of tissues was performed as previously described (Beilhack et al., 2005). 

Briefly, 5 minutes after injection with luciferin (10 μg/g body weight), selected tissues were prepared 

and imaged for 5 minutes. Imaging data were analyzed and quantified with Living Image Software 

(Xenogen) and Igor Pro (Wave Metrics, Lake Oswego, OR). 

 

Migration assays: Lethally irradiated BALB/c mice were injected intravenously with 10X106 WT 

TCDBM cells from B6.PL-Thy1a/CyJ mice, along with FACS-sorted CD8+ or CD4+ T cells from B6.SJL 

(Ly5 CD45.1) and SLP76Y145FKI (C57B16 background CD45.2) mice, mixed at a 1:1 (WT: 

SLP76Y145FKI) ratio. Seven days post-transplantation, the mice were sacrificed and lymphocytes 

from the liver, small intestine, spleen, and skin-draining lymph nodes were isolated. Livers were 

perfused with PBS, dissociated, and filtered with a 70m filter. The small intestines were washed in 

media, shaken in strip buffer at 37°C for 30 minutes to remove the epithelial cells, and then washed, 

before digesting with collagenase D (100 mg/ml) and DNase (1mg/ml) for 30 minutes in 37°C, and 

followed by filtering with a 70 m filter. Lymphocytes from the liver and intestines were further 



enriched using a 40% Percoll gradient. The cells were analyzed for CD8+ T cells and CD4+ T cells and 

presence of H2Kb, CD45.1+ and CD45.2+ (to identify the transferred T cell populations) by flow 

cytometry, but we excluded any bone marrow-derived T cells (Thy1.1+). 

 

Western blotting:  For protein analysis, T cells were either nonstimulated, or stimulated with anti-CD3 

and anti-CD28 for 24 hours overnight,  and were lysed with freshly prepared lysis buffer (RIPA 

Buffer(Fisher Scientific cat#PI89900) + cOmplete Protease Inhibitor Cocktail (Sigma-Aldrich; cat# 

11697498001)) and centrifuged for 10 minutes at 14000rpm  at 4°C. Protein aliquots of 70μg of protein 

were loaded on a 12-18% denaturing polyacrylamide gel and transferred to nitrocellulose membranes 

for immunoblot analysis using antibodies specific to proteins of interest. 

 

qPCR assay: Post-transplanted donor CD8+ and CD4+ T cells from C57Bl/6 mice (MHC haplotype b) 

were FACS sorted from recipient mice on H2Kb markers, and total RNA was isolated from T cells 

using the RNeasy kit from Qiagen (Germantown, MD). cDNA was made from total RNA using a 

cDNA synthesis kit (Invitrogen). qPCR assay was performed with a premade customized plate (CXCr3, 

CX3r1, CXCr1, CCR12, s1pR1, CrTAM, CXCR6, CCR9, CXCR5, CXCr4) (Fisher Scientific, 

Hampton, NH).  

 

SLP76pTYR Peptide: To generate a molecule that specifically inhibits the interaction between pY145 

of SLP76 and the SH2 domain of ITK, we designed a peptide based on the amino acid sequence of 

SLP76 from N132 to A155, which contains a phosphorylated tyrosine residue at Y145 (Fig. 5). To 

ensure that our peptide easily enters cells and that its cellular localization can be monitored, we 

incorporated a C-terminal TAT peptide (GRKKRRQRRRPQ) and an N-terminal fluorescent FITC dye, 

respectively, and named it SLP76pTYR peptide (Fig. 5). Both SLP76pTYR peptide (FITC Dye -

132NEEEEAPVEDDADpYEPPPSNDEEA155-TAT) and non-specific control peptide (FITC Dye-



IIMTTTTNNKKSSRRVVVVAAAADD-TAT) were synthesized by Genscript Inc (Piscataway, NJ). 

These peptides were initially dissolved in 3% ammonia water to a final concentration of 10 g/L and 

then further diluted into PBS to a final concentration of 0.1 g/L. Fresh splenocytes were isolated 

from WT mice, and T cells were generated from splenocytes as previously described (Baker et al., 

2001). Briefly, T cells were isolated from splenocytes using MACS beads (Miltenyi Biotec), then 

cultured in complete RPMI media (3X106 cells/mL) and plated on anti-CD3 (2.5 mg/ml; Biolegend; 

cat#100202) and anti-CD28 (2.5 mg/ml; Biolegend; cat#102116) antibody-coated tissue culture plates 

until otherwise specified. T cells were incubated with SLP76pTYR, control peptide or vehicle alone at 

different concentrations ranging from 100 ng/ml to 1 g/ml in the presence of 4 g/ml of protamine 

sulfate. Protamine sulfate significantly increased peptide delivery into primary cells. Within 60 

minutes, we observed that peptides were inside the cells.  Cells were cultured for 5 minutes prior to 

investigating signaling changes. Cells were examined for the presence of FITC by microscopy using a 

Leica DMi8 microscope equipped with an infinity total internal reflection fluorescence (TIRF) and DIC 

modules, a Lumencor SOLA SE II light box, a 150 mW 488 (GFP) laser and filter cube, a 100x/1.47 

NA objective, and an Andor iXon Life 897 EMCCD camera. FITC expression was confirmed by flow 

cytometry as well. Cells were lysed and used in Western blots. 

 

Human Samples: According to our IRB protocol (1140566-4), blood samples were obtained by vein 

puncture, and T cells were isolated from peripheral blood mononuclear cells (PBMC) of regular healthy 

donors as previously described(56). T cells were isolated from patient and healthy donor samples by 

Ficoll-Hypaque density centrifugation. The final product was resuspended at 3X106 cells/ml in media 

and stimulated with OKT-3/anti-CD3 (2.5 mg/ml; Ortho Bio-Tech) and anti-human CD28 (2.5 mg/ml; 

Biolegend; cat#302902) presence of  4 g/ml of protamine sulfate and 1 g/ml SLP76pTYR or vehicle 

for five minutes.  T cell lysates were used in western blot analysis.  



 

Transducing primary T cells with SLP76pTYR: We generated viruses that specifically express 

SLP76pTYR; the sequences encoding SLP76pTYR we cloned as a fusion protein with pCherry ordered 

through Integrated DNA Technology (IDT). The insert was cloned into a pQCX-I-X retroviral vector 

between MLU1 and Xho1 restriction sites, and the insert was confirmed by digestion and sequencing. 

To generate retroviral supernatants, Phoenix packaging cells were plated in 60 cm2 dishes and 

transfected with 20 μg of the vector using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA), 

according to the manufacturer’s protocol. The medium was changed after 8–12 hours, and viral 

supernatants were harvested after 24–36 hours. Concentrated viral supernatants were re-suspended in 

MDM media (Invitrogen) and used to transduce primary T cells in the presence of protamine sulfate 

(4μg/ml) to enhance transduction efficiency. T cells were transduced with viruses containing either 

SLP76pTYR-pCherry or empty plasmid for 24 hours and then injected into mice. 

 

Statistics. All numerical data are reported as means with standard deviation. Data were analyzed for 

significance with GraphPad Prism. Differences were determined using one-way or two-way ANOVA 

and Tukey’s multiple comparisons tests, or with a student’s t-test when necessary. P-values less than or 

equal to 0.05 are considered significant. According to power analyses, all transplant experiments were 

done with N=5 mice per group and repeated at least twice. Mice were sex-matched and age-matched as 

closely as possible.  



Supplementary Figure Legends 

 

 

Supplementary Figure 1. SLP76 Y145FKI CD4+ T cells exhibit attenuated induction of GVHD 

compared to WT T cells, Related to Figure 1. 10X106 T cell-depleted bone marrow cells and 

1X106 purified WT or SLP76 Y154FKI CD4+ T cells were transplanted into irradiated BALB/c 

mice. (A) The mice were monitored for survival, (B) changes in body weight, and (C) clinical score for 

70 days post BMT. For weight changes and clinical score, one representative of 2 independent 

experiments is shown (n = 3 mice/group for BM alone; n = 5 experimental mice/group for all three 

groups). The p values are presented. Two-way ANOVA and Student’s t-test were used for statistical 

analysis. 



 

Supplementary Figure 2. The innate memory phenotype of CD8+ T cells does not separate GVHD 

and GVL effects, Related to Figure 1. (A) Purified T cells from WT and SLP76Y145FKI mice were 

examined for expression of CD44 pre- and post-sort. (B) All recipient BALB/c mice were lethally 

irradiated and divided into six different groups. Group one was transplanted with 10X106 
TCDBM. 

Group 2 was transplanted with 10X106 
TCDBM and 1X105 B-ALL-luc. Group 3 was transplanted with 

10X106 
TCDBM along with 1X106 purified WT CD8+ CD44lo T cells and 1X105 B-ALL-luc. Group 4 

was transplanted with 10X106 TCDBM along with 1X106 purified WT CD8+ CD44hi T cells, and 1X105 

B-ALL-luc. Group 5 was transplanted 10X106 TCDBM along with 1X106 purified 

SLP76Y145FKI CD8+ CD44lo T cells and 1X105 B-ALL-luc. Group 6 was transplanted with 10X106 

TCDBM and 1X106 purified SLP76Y145FKI CD8+ CD44hi T cells and 1X105 B-ALL-luc. These mice 

were monitored for tumor growth using the IVIS 50 system. (C) The mice were monitored for 

survival, (D) changes in body weight, and (E) animal clinical score for 65 days post BMT. For body 

weight changes and clinical score, one representative of 2 independent experiments is shown (n = 3 



mice/group for BM alone; n = 5 experimental mice/group for all other groups. (F) Quantitated 

luciferase bioluminescence of luciferase-expressing B-ALL cells. Statistical analysis for survival and 

the clinical score was performed using the log-rank test and two-way ANOVA, respectively. P values 

are presented with each figure. Note: Controls are naïve for tumor, but transplanted with 10X106 T cell 

depleted bone marrow alone (TCDBM) and used as a negative control for BLI.  

 

Supplementary Figure 3. SLP76Y145FKI T cells are capable of cytokine production, Related to 

Figure 2. Purified T cells from WT and SLP76Y145FKI C57Bl/6 mice were transplanted into 

irradiated BALB/c mice (MHC haplotype d) as recipients.  On day 7, donor T cells were gated for 

expression of H-2Kb, CD45.2, and CD45.1, and analyzed for intracellular expression of IFN- and 

TNF- following ex vivo stimulation with PMA/ionomycin. Data from several experiments were 

combined, and statistical analysis performed using two-way ANOVA and Student’s t-test, with p values 

presented. 

 



 

 

Supplementary Figure 4. Eomes deletion on CD8+ and CD4+ T cells, Related to Figure 3.  (A) 

Purified donor CD8+ and CD4+ T cells from either WT or WT Eomes-deficient (Eomes cKO) mice on a 

C57Bl/6 background were examined for Eomes expression. (B) Quantitative analysis from flow 

cytometry data of several experiments. For statistical analysis we used two-way ANOVA and student’s 

t test, p values are presented.  



 

Supplementary Figure 5. Quantitative analysis of donor T cells in secondary lymphoid organs 

and GVHD target organs, Related to Figure 4. (A) Quantitative analysis from flow cytometry data. 

CD8+ and CD4+ T cells from WT and SLP76Y145FKI C57Bl/6 mice were transplanted into BALB/c 

mice (MHC haplotype d) as recipients.  In several experiments, donor CD4+ and CD8+ T cells were 

analyzed for migration in the secondary lymphoid organs spleens and lymph nodes. (B) Quantitative 

analysis from flow cytometry data. In several experiments donor CD4+ and CD8+ T cells were analyzed 

for the presence of donor T cells in GVHD target organs, liver and small intestine. For statistical 

analysis we used two-way ANOVA and student’s t test, p values are presented.  



 

Supplementary Figure 6. Quantitative analysis of tissue bioluminescence imaging (BLI), Related 

to Figure 4. For tissue imaging experiments, allo-HSCT was performed with 10X106 WT TCDBM cells 

and 1X106 FACS-sorted CD8+ T cells (A) or CD4+ T cells (B) (from B6-luc or SLP76Y145FKI luc 

mice) and bioluminescence imaging of tissues was performed as previously described (Mammadli et 

al., 2020). Briefly, 5 minutes after injection with D-luciferin (10 μg/g body weight), selected tissues 

were prepared and imaged for 1 minute. Imaging data were analyzed and quantified with Living Image 

Software (Xenogen) and Igor Pro (Wave Metrics, Lake Oswego, OR) 



 

Supplementary Figure 7. ITK inhibitors 10n and CTA056 are not specific for ITK, Related to 

Figure 5. (A) WT mouse T cells were cultured with either 10n or vehicle, then lysed post-incubation, 

and lysates were western blotted for pITK (size 50-75kDa) , pPLC1 (size ~155kDa), pERK (size 

~42kDa), pAKT (size ~60kDa), and pmTOR(size 240kDa). (B) Western blots from three experiments 

were quantitated and normalized to actin. (C) T cells from primary human PBMCs were isolated 

and  cultured with commercially available 10n or vehicle and western blotted for pPLCg1, pERK, 

pAKT, and pmTOR. (D) Western blots from three experiments were quantitated and normalized to 

actin.  (E)  Mouse T cells were cultured with either CTA056 or vehicle, the cells were lysed post-

incubation, and lysates were western blotted for pITK, pPLC1, pAKT, pmTOR, and 

pERK. (F) Western blots from three experiments were quantitated and normalized to -Actin. Two-way 

ANOVA and Student’s t-test were used for statistical analysis.  



 

 

Supplementary Figure 8. Quantitative analysis of SLP76:ITK signaling protein expression in 

cells treated with peptide SLP76pTYR, Related to Figure 6. (A-E) Quantitative analysis of cell 

lysates were obtained from mouse T cells stimulated with anti-CD3 and anti-CD28 in the presence of 

SLP76pTYR, or vehicle alone. Lysate from stimulated cells or non-stimulated cells were examined for 

phosphorylated ITK, total ITK, phosphorylated PLC total PLC  phosphorylated ERK, total ERK, 

phosphorylated PI3K, total PI3K, phosphorylated AKT, and total AKT.  n=3 and one representative 

experiment is shown. (A-E) Quantitative analysis of cell lysates from human T cells, non-stimulated or 

stimulated with OKT3 for 5min in the presence of SLP76pTYR or vehicle alone, were examined for 

phosphorylated pPLC1 and total PLC on stimulated and non-stimulated T cells. Cell lysate from 

stimulated and non-stimulated cells were examine for pERK and total ERK . Lysates from stimulated 

and non-stimulated were also examined for phosphorylation and total AKT. n=3 and one representative 

experiment is shown. 
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