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Abstract
The tumoricidal effects of CD8+T cells are well acknowledged, but how MHC Ib-restricted CD8+T (Ib-
CD8+T) cells contribute to anti-tumor immunity remains obscure. Here, we show that infusion of MHC Ia+
cells to Kb-/-Db-/- mice induced the expansion of Ib-CD8+T cells in tumors and potently inhibited tumor
progression. Such priming of Ib-CD8+T cells by MHC-Ia is not MHC haplotype restricted and MHC Ia
tetramers alone can prime Ib-CD8+T cells for activation. The MHC Ia priming promoted Tbet expression in
Ib-CD8+T cells and in absence of Tbet, such priming effect diminished. Importantly, these tumoricidal Ib-
CD8+T cells are positive for CX3CR1, and exhibit rapid proliferation, high expression of cytotoxic factors,
and prolonged persistence at tumor sites. Adoptive transfer of CX3CR1+Ib-CD8+T cells to wild type mice
resulted in potent anti-tumor effects. Our �ndings unravel an uncharacterized function of MHC Ia
molecules in immunoregulation and raise the possibility of using Ib-CD8+T cells in tumor
immunotherapy.

Introduction
Invigoration of CD8+ T cells is critical for mounting immune responses against many types of tumors.
Speci�c blockade of immune checkpoints in CD8+ T cells has been proved to be valuable in the treatment
of various tumors 1. Most investigations on immunotherapeutic potential of T cells centered on
conventional CD8+ T cells, which recognize antigenic peptides presented by major histocompatibility
complex (MHC) class Ia molecules. However, the anti-tumor effects of those CD8+ T cells restricted by
MHC class Ib molecules, which are referred to as MHC class Ib-restricted CD8+ T cells (Ib-CD8+ T cells) 2,3,
remain largely unknown.

MHC class Ib molecules (MHC Ib) are structurally similar to MHC class Ia molecules (MHC Ia), but have
few alleles within a population 3. Studies on Kb-/-Db-/- mice, a genetically modi�ed mouse strain deprived
of MHC Ia locus, have shown that Ib-CD8+ T cells constitute less than 10% of the total CD8+ T cell
population 4,5. Despite of their rarity, these Ib-CD8+ T cells are indispensable in controlling intracellular
bacteria and viruses 6,7. In response to infectious agents, Ib-CD8+ T cells are quickly activated by antigens
presented by MHC Ib to expel invading pathogens even in the absence of MHC Ia-restricted CD8+ T cells
(Ia-CD8+ T cells) 3,8,9. The importance of Ib-CD8+ T cells were further highlighted by a study using rhesus
macaques, which showed that Ib-CD8+ T cells could recognize more antigen epitopes than Ia-CD8+ T cells
after vaccination 10,11. Structure analysis also showed that peptide binding groove of MHC-E was capable
of binding to a more diverse population of peptides 10,11. Although tumor speci�c antigens presented by
MHC Ib have not been found 2, a recent study identi�ed a CD8+ T cell clone named MC.7.G5 possesses
ubiquitous cancer cell targeting abilities through MR-1, which belongs to the MHC Ib family 12,13. In light
of these unique immunoregulatory capabilities, strategies mobilizing Ib-CD8+ T cells may provide new
opportunities to combat tumor.  
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To de�ne the role of Ib-CD8+ T cells in tumor immunity, we inoculated several tumor cell lines to Kb-/-Db-/-

mice and found that Kb-/-Db-/- mice were resistant to tumor cells possessing MHC Ia, but not those without
MHC Ia. To further establish the role of MHC Ia in tumor immunity in these mice, we inoculated Kb-/-Db-/-

mice with MHC Ia+ mesenchymal stromal cells (MSCs) together with MHC Ia de�cient tumor cell line. In
this setting, MHC Ia expressed on non-tumor cells also conferred the anti-tumor immunity of Ib-CD8+ T
cells in MHC haplotype un-restricted manner. When these anti-tumor Ib-CD8+ T cells were characterized,
they were found to express CX3CR1. Upon MHC Ia priming, the CX3CR1+Ib-CD8+ T cells express high
levels of T-bet. Importantly, adoptive transfer of CX3CR1+Ib-CD8+ T cells to tumor bearing mice
dramatically inhibited tumor progression. Taken together, our study identi�ed the characteristics and anti-
tumor functions of Ib-CD8+ T cells and demonstrated a previously unidenti�ed role of MHC Ia in immune
invigoration of Ib-CD8+ T cells.

Results
MHC Ia elicits anti-tumor immunity of Ib-CD8+ T cells  

To examine the role of Ib-CD8+ T cells in tumor immunity, we inoculated various tumor cell types to wild
type C57BL/6 mice and Kb-/-Db-/- mice and found that the growth of RM1(prostate cancer cell line),
HEPA1-6 (hepatoma cell line), LLC1 (Lewis lung carcinoma cell line), and MC38 (colon adenocarcinoma
cell line) in Kb-/-Db-/- mice were almost completely inhibited as compared to those in C57BL/6 mice (Fig.
1a and Fig. S1a). It should be noted that in Kb-/-Db-/- mice without tumor cell inoculation, CD8+ T cells
constitute a very small population (Fig. S1d). In Kb-/-Db-/- mice bearing RM1, HEPA1-6, LLC1, and MC38
tumors, the percentages of CD8+ T cells among tumor in�ltrated mononuclear cells were dramatically
increased, even higher than that in wild type mice (Fig. 1a and Fig. S1c). Interestingly, melanoma cells
B16F0, B16F10, and B78H1, which have low or negative MHC Ia expression, give rise to similar tumor
sizes in Kb-/-Db-/- mice and C57BL/6 mice (Fig. 1a and Fig. S1a-S1b). Correspondingly, these MHC
Ia negative tumor cells did not induce the expansion of CD8+ T cells in Kb-/-Db-/- mice (Fig. 1a and Fig.
S1c). These results suggest that the number of Ib-CD8+ T cells correlates with tumor immunity and the
presence of MHC Ia may regulate the expansion of Ib-CD8+ T cells. 

Given that MHC Ia genes are not present in Kb-/-Db-/- mice, the inhibition of MHC Ia+ tumor cells in these
mice could be due to an immune rejection type of responses. To rule out this possibility, MHC Ia- B16F0
cells, together with mesenchymal stromal cells (MSCs) from C57BL/6 mice (Ia+MSCs) or Kb-/-Db-/- mice
(Ia-MSCs), were co-inoculated into C57BL/6 mice or Kb-/-Db-/- mice (Fig. S2a). In C57BL/6 mice, regardless
of MHC Ia expression, MSC co-injection promoted B16F0 tumor growth and inhibited CD8+ T cell
expansion (Fig. 1b-1c and Fig. S2b-S2c) 14,15. However, in Kb-/-Db-/- mice, co-injection of Ia+MSCs, but not
Ia-MSCs, dramatically blocked B16F0 tumor growth and increased CD8+ T cell in�ltration into the tumors
(Fig. 1b-1c and Fig. S2b-S2c). Such tumoricidal effects induced by Ia+MSCs were also observed in
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B78H1, an MHC Ia- melanoma cell line due to the de�ciency of Tap2 gene (Fig. 1d-1e and Fig. S2d-
S2e) 16,17. Therefore, the anti-tumor effects of Ib-CD8+ T cells could be extended to MHC Ia negative
tumors. 

Upon activation, CD8+ T cells could release an arsenal of cytotoxic factors, which may cause off-target
killing to the neighboring cells. Therefore, the inhibitions of MHC Ia- tumors by Ia+MSC co-injections may
root from anti-MHC Ia responses to Ia+MSCs. We thus intraperitoneally administrated MSCs to
intravenously or intramuscularly established tumor models. In this scenario, intraperitoneal injection of
Ia+MSCs to Kb-/-Db-/- mice bearing MHC Ia negative tumors, such as B16F10, B16F0, and B78H1 also
inhibited tumor progression and signi�cantly boosted the expansion of Ib-CD8+ T cells in tumors (Fig. 1f
and Fig. S3), suggesting that the tumor inhibition effects by Ia+MSCs were not related to the direct anti-
MHC Ia immune responses. Furthermore, upon Ia+MSCs transfusion, Ib-CD8+ T cells exhibited high levels
of Ki67, an indication of proliferation (Fig. S4a-S4b). More importantly, MSCs derived from several mouse
strains such as C57BL/6 (KbDb), Balb/c (KdDdLd), and Swiss (KqDqLq), were all capable of inducing the
inhibition on B16F10 melanoma tumor in Kb-/-Db-/- mice, suggesting that the anti-tumor effects of Ib-CD8+

T cells require MHC Ia, but are not MHC Ia haplotype restricted (Fig. S5). These data demonstrate that
MHC Ia can elicit an Ib-CD8+ T cell-mediated anti-tumor immune response. 

To verify whether Ib-CD8+ T cells mediated the anti-tumor effects, CD8 depletion antibodies were co-
administrated to Kb-/-Db-/- mice along with Ia+MSCs. We found that when Ib-CD8+ T cells were deleted by
the antibodies speci�c to CD8 (α-CD8), Ia+MSCs could no longer block tumor progression in Kb-/-Db-/- mice
(Fig. 1g-1h and Fig. S4c-S4f). Natural killer (NK) cells have been reported to retain their functions in Kb-/-

Db-/- mice 4. We found that NK cells were not expanded by Ia+MSCs and depletion of these cells did not
undermine the anti-tumor effects of Ia+MSCs in Kb-/-Db-/- mice (Fig. S6a-S6e). Using chlodronate liposome
or Gr1 depletion antibodies (α-Gr1) to deplete macrophages and granulocytes, we excluded the
possibilities that these cells participate in the anti-tumor effects conferred by Ia+MSCs (Fig. S6f-S6g).
Taken together, these results demonstrate that Ia+ cells evoke the tumoricidal effects of Ib-CD8+ T cells.

Anti-tumor phenotypes of Ib-CD8+ T cells boosted by Ia+MSCs 

In order to understand the cellular heterogeneity and transcriptional landscape of Ib-CD8+ T cells boosted
by Ia+MSCs, we performed single cell mRNA sequencing (scRNA-seq) on CD8+ T cells puri�ed from the
spleen and tumor of Kb-/-Db-/- mice bearing B16F10 melanoma along with Ia+MSCs or Ia-MSCs. A total of
12,208 CD8+ cells from Ia-MSCs-spleen (splenic CD8+ T cells from Ia-MSCs treated Kb-/-Db-/- mice),
Ia+MSCs-spleen (splenic CD8+ T cells from Ia+MSCs treated Kb-/-Db-/- mice), and Ia+MSCs-tumor (tumor-
in�ltrated CD8+ T cells from Ia+MSCs treated Kb-/-Db-/- mice) were pro�led. The t-SNE analysis identi�ed a
map containing 13 Ib-CD8+ T cell subpopulations (Fig. 2a). Most Ib-CD8+ T cell subpopulations from the
same samples clustered together in the t-SNE plot (Fig. 2a). Interestingly, Ib-CD8+ T cells from Ia+MSCs-
spleen were classi�ed into two groups (cluster 3/4 and cluster 7) (Fig. 2a). The cluster 3/4 was similar to
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CD8+ T cells isolated from Ia-MSCs-spleen (clusters 0, 1, 2, 5 and 6) which expressed naïve T cell markers,
such as Ccr7, Il7r, Cd27, and Cd7 (Fig. 2b and Fig. S7a; Tables S1-S2). The most prominent changes
induced by Ia+MSCs, in either spleen (cluster 7) or tumor (clusters 8, 9, 10 and 11) included robust
expression of cytotoxic factors and T cell activation markers, suggesting their effector or effector
memory phenotypes (Fig. 2b and Fig. S7a-S7b; Tables S1-S2). 

To facilitate the annotation of Ib-CD8+ T cells, we integrated our data with featured gene sets that provide
a framework for the identi�cation of the properties and functional features of all subpopulations 18.
Consistently, CD8+ T cells from Ia-MSCs-spleen and clusters 3 and 4 featured naïve T cell signatures as
shown by the expressions of Il7r, Cd7, Cd62l, Ccr7, Cd27, and Tcf (Fig. 2c and 2d; Table S3). In contrast,
CD8+ T cells from Ia+MSCs-tumor and cluster 7 scored highly in signatures of cytolysis, effector, and
recruitment (Fig. 2c and 2d; Table S3). We further veri�ed that CD8+ T cells in the tumor of Kb-/-Db-/- mice
with Ia+MSC administration expressed low levels of CD62L and high levels of IFNγ, granzyme B
(GZMB), CD44, NKG2A, and CD103, as compared to those from Ia-MSCs administrated Kb-/-Db-/- mice (Fig.
2d-2g and Fig. S7c-S7i). 

To directly evaluate the tumoricidal effects of Ib-CD8+ T cells, we isolated tumor in�ltrated CD8+ T cells
from Ia+MSCs or Ia-MSCs treated Kb-/-Db-/- mice and co-cultured them with B16F10 tumor cells in vitro. We
found that Ib-CD8+ T cells exposed to Ia+MSCs were much more effective in killing tumor cells (Fig. 2h). T
cell exhaustion signature was not increased in these highly tumoricidal Ib-CD8+ T cells (Fig. 2i), indicating
that these Ib-CD8+ T cells boosted by MHC Ia possess prolonged activation properties at the tumor sites.
Additionally, we also found that tumor in�ltrated Ib-CD8+ T cells from Kb-/-Db-/- mice treated with Ia+MSCs
expressed much lower levels of PD-1 and FAS than those exposed to Ia-MSCs, supporting their potentially
long-lasting anti-tumor effects (Fig. 2j-2k and Fig. S7e-S7g). Therefore, Ib-CD8+ T cells boosted by
Ia+MSCs represent a unique T cell population with potent tumoricidal activities. 

To investigate the mobility of Ib-CD8+ T cells after exposure to MHC Ia bearing cells, we transferred
splenocytes derived from CD45.2+Kb-/-Db-/- mice with Ia+MSCs or Ia-MSCs to the peritoneum of
CD45.1+Kb-/-Db-/- tumor bearing mice. We found that these CD45.2+Ib-CD8+ T cells migrated to secondary
lymphoid organs and tumor sties. Similar to CD45.1+Ib-CD8+ T cells in recipient mice, most of the
CD45.2+ Ib-CD8+ T cells exhibited an effector or effector memory phenotypes (Fig. S8). 

Trajectories of Ib-CD8+ T cells upon priming by Ia+MSCs 

To thoroughly reveal the trajectories through which tumoricidal Ib-CD8+ T cells are generated in Kb-/-Db-/-

mice upon Ia+MSC administration, we analyzed IFNγ and GZMB proteins in Ib-CD8+ T cells isolated from
spleen and tumors. Unlike what was revealed by the scRNA-seq analysis, which demonstrated high mRNA
levels of Ifng and Gzmb in both splenic and tumor in�ltrating CD8+ T cells (clusters 7, 9, 10 and 11) (Fig.
2d; Table S2), only Ib-CD8+ T cells in the tumor site of Ia+MSCs treated Kb-/-Db-/- mice produced abundant
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IFNγ and GZMB protein (Fig. 2e-2f). No difference was observed between splenic Ib-CD8+ T cells with and
without MHC Ia exposure (Fig. 3a and Fig. S9a-S9b). We further conducted Edu incorporation assay and
TCR variable β chain (TCRVβ) repertoire analysis to clarify the expansion of these Ib-CD8+ T cells and
their trajectories. We found that compared to splenic Ib-CD8+ T cells, tumor in�ltrated Ib-CD8+ T cells in
Ia+MSCs treated Kb-/-Db-/- mice exhibited a more pronounced increase in proliferation (Fig. 3b).
Additionally, in contrast to the non-speci�c expansion of splenic Ib-CD8+ T cells, tumor in�ltrated Ib-
CD8+ T cells in Kb-/-Db-/- mice with Ia+MSC administration underwent clonal expansion, featured by
skewed TCRVβ usage (Fig. 3c and Fig. S9c). Therefore, these Ib-CD8+ T cells are speci�cally expanded at
the tumor sites. 

We thus performed the pseudotime analysis on these scRNA-seq data and inferred a trajectory from
splenic Ib-CD8+ T cells to tumor in�ltrated Ib-CD8+ T cells. The Ia-MSCs-spleen CD8+ T cells and Ia+MSCs-
tumor CD8+ T cells were located at the beginning and the ending of the pseudotime trajectory,
respectively, while Ia+MSCs-spleen CD8+ T cells spread between them (Fig. 3e; Table S4). Notably, the
cluster 7 of Ia+MSCs-spleen CD8+ T cells was located at the transition node between Ia-MSCs-spleen
CD8+ T cells and Ia+MSCs-tumor CD8+ T cells (Fig. 2a and Fig. 3e; Table S4). To characterize the
properties of cluster 7 based on scRNA-seq analysis of Ib-CD8+ T cells, we identi�ed their marker genes
and performed gene ontology analysis (Fig. 3f; Table S5). The cluster 7 of Ib-CD8+ T cells were enriched
with signals for immune synapse formation and T cell activation regulators (Fig. 3f and 3g; Table S2).
These �ndings thus suggest that these splenic Ib-CD8+ T cells in Kb-/-Db-/- mice receiving Ia+MSCs are
readily activated. Indeed, upon stimulation by anti-CD3 and anti-CD28 antibodies (α-CD3/CD28), splenic
and tumor in�ltrating Ib-CD8+ T cells isolated from Ia+MSCs treated Kb-/-Db-/- mice exhibited much more
pronounced proliferation than those of Ia-MSCs treated Kb-/-Db-/- mice (Fig. 3d). These results thus
demonstrate that Ib-CD8+ T cells empowered by Ia+MSCs are readily activated and speci�cally expanded
at the tumor sites. 

MHC Ia sensitizes Ib-CD8+ T cells for TCR activation 

Given that the high expansion potential of Ib-CD8+ T cells in the presence of Ia+MSCs was irrelevant to
NK cells, macrophages, or granulocytes (Fig. S6), we next questioned if Ia+MSCs could directly affect the
properties of Ib-CD8+ T cells. We found that the presence of Ia+MSCs did not facilitate the activation of Ib-
CD8+ T cells, since Ib-CD8+ T cells mixed with Ia+MSCs did not exhibit enhanced T cell receptor
downstream signaling compared to those mixed with Ia-MSCs upon TCR activation (Fig. 4a). However,
upon 24-hour co-culture with Ia+MSCs but not Ia-MSCs, the plasma member of Ib-CD8+ T cells underwent
smooth to rough transition, suggesting that the properties of Ib-CD8+ T cells were altered (Fig. 4b). When
these Ib-CD8+ T cells were separated from the co-culture system and subjected to TCR activation, Ib-
CD8+ T cells pre-exposed to Ia+MSCs exhibited increased levels of p-Lck, p-PLCγ, p-SLP76, and p-Zap70
than Ib-CD8+ T pre-exposed to Ia-MSCs (Fig. 4c). We further compared the calcium in�ux of Ib-CD8+ T
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cells co-cultured with Ia+MSCs or Ia-MSCs. Ia+MSCs-primed Ib-CD8+ T cells exhibited stronger calcium
signaling upon goat anti-hamster IgG-mediated α-CD3/CD28 crosslinking, while calcium signaling
induced by thapsigargin, which bypass TCR activation, were comparable between Ib-CD8+ T cells co-
cultured with Ia+MSCs or Ia-MSCs (Fig. 4d). These results showed that Ia+MSCs could directly sensitize
Ib-CD8+ T cells for TCR activation. As a comparison, CD8+ T cells isolated from wild type mice (mostly Ia-
CD8+ T cells) were also cultured with Ia+MSCs or Ia-MSCs. In this case, the priming effects of Ia+MSCs
were not observed, suggesting a unique interaction between Ia+MSCs and Ib-CD8+ T cells (Fig. S10).

To directly evaluate the priming effects of MHC Ia molecules on Ib-CD8+ T cells, we applied tetramers of
MHC Ia: H2-Kb-SIINFEKL (peptide from oval albumin); H2-Kb-RTYTYEKL (peptide from β-Catenin); H2-Db-
VALLNKTNV (peptide from β-Catenin) and MHC Ib with self-peptides: H2-Q9-ILMEHIHLL (peptide from
ribosomal protein L19) to treat Ib-CD8+ T cells in vitro and evaluated T cell proliferation by Edu
incorporation assay. The presence of tetramers, either MHC Ia (binding foreign or self-peptide) or MHC Ib
(binding self-peptide), could not directly activate Ib-CD8+ T cells (Fig. 4e). However, when Ib-CD8+ T cells
were exposed to MHC Ia tetrameters along with α-CD3/CD28, they proliferated much more robust than
those cells treated with MHC Ib tetramer (Fig. 4e). Consistent with the gene expression pro�les in Ib-
CD8+ T cells derived from Kb-/-Db-/- mice bearing melanoma with Ia+MSC administration, these Ib-CD8+ T
cells treated with MHC Ia tetramers expressed genes related to synapse formation, TCR activation, and
cytotoxicity at high level (Fig. 4f; Table S2). These results demonstrate that MHC Ia can set Ib-CD8+ T
cells to a pre-activation status in an MHC Ia haplotype-independent and antigen non-speci�c manner.

MHC Ia empowers Ib-CD8+ T cells with anti-tumor immunity via Tbet 

To further understand the anti-tumor immunity of Ib-CD8+ T cells pre-exposed to MHC Ia, we analyzed the
gene expression in splenic and tumor in�ltrating Ib-CD8+ T cells in Kb-/-Db-/- mice treated with Ia+MSCs or
Ia-MSCs. A signi�cant upregulation of Tbet and its related signaling pathway was observed (Fig. 5a-5b;
Table S3). Tbet expression in splenic and tumor in�ltrating CD8+ T cells was much higher in Kb-/-Db-/- mice
with Ia+MSC administration than those with Ia-MSC administration (Fig. 5c-5d), suggesting that Ia+MSC
administration empowered Ib-CD8+ T cells with anti-tumor capability. We further investigated whether the
priming effects of MHC Ia on Ib-CD8+ T cells was dependent on Tbet. Kb-/-Db-/-Tbet-/- triple knockout mice
were generated and B16F10 tumor models were established. The tumoricidal effect empowered by
Ia+MSCs in Kb-/-Db-/- mice was diminished in Kb-/-Db-/-Tbet-/- triple knockout mice (Fig. 5e). In these Kb-/-

Db-/-Tbet-/- triple knockout mice, the upregulation of Tbet expression in splenic and tumor in�ltrating Ib-
CD8+ T cells by Ia+MSCs diminished (Fig. 5f). Additionally, the robust Ib-CD8+ T cell accumulation in the
tumor sites induced by Ia+MSCs was also abolished in Kb-/-Db-/-Tbet-/- triple knockout mice (Fig. 5g). Ib-
CD8+ T cells with Tbet de�ciency failed to respond to Ia+MSCs to increase GZMA expression (Fig. 5h).
Taken together, these results demonstrate that the anti-tumor immunity of Ib-CD8+ T cells induced by
MHC Ia relies on Tbet signaling. 
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MHC Ia primed Ib-CD8+ T cells express CX3CR1 and their adoptive transfer inhibits tumor progression 

Given the vigorous expansion of tumoricidal Ib-CD8+ T cells driven by Ia+MSCs in Kb-/-Db-/- mice, we next
sought to identify these tumoricidal Ib-CD8+ T cells in wild type mice. Analysis of gene modules highly
related to these tumoricidal Ib-CD8+ T cell subsets revealed that Cx3cr1 was exclusively expressed by
these tumoricidal Ib-CD8+ T cells, as shown in a transcriptional signature associated with cytotoxicity
(Fig. 6a and Fig. 2d; Table S2). We further veri�ed the expression of CX3CR1 by tumoricidal Ib-CD8+ T
cells in spleen and tumor, and con�rmed that these CX3CR1+Ib-CD8+ T cells are highly proliferative (Fig.
6b-6c and Fig. S11a). Furthermore, CX3CR1 mainly expressed on Ib-CD8+ T cells featured by Tbet, Ifng,
and Gzmb, but not those with naïve phenotypes (Fig. 6a and Fig. 2d; Table S2). Based on the fact that
Tbet signaling was indispensable for the priming of Ib-CD8+ T cells, we further tested the expressions of
CX3CR1 and Tbet in tumor in�ltrated and splenic Ib-CD8+ T cells of Kb-/-Db-/- and Kb-/-Db-/-Tbet-/- mice
bearing tumor. We found that Tbet de�ciency sharply diminished the enhancement of CX3CR1+ Ib-CD8+ T
cells both in spleen and tumor sites in Kb-/-Db-/- mice bearing tumor with Ia+MSC exposure (Fig. 6d-6e and
Fig. S11b). These results strongly suggest that CX3CR1 marks tumoricidal Ib-CD8+ T cells primed by MHC
Ia.

To determine whether the tumoricidal Ib-CD8+ T cells also exist in wild type mice, we conducted single cell
transcriptome analysis on CD8+ T cells pooled from both Kb-/-Db-/- and wild type tumor bearing mice (Fig.
S11c-S11e; Table S1 and Table S4). Indeed, a population (cluster 8 in Fig. S11d) of CD8+ T cells in the
tumor of wild type C57BL/6 mice (C57BL/6-tumor) showed high similarity to MHC Ia primed Ib-CD8+ T
cells (cluster 8, 9, 10, and 11 in Fig. 2a) (Fig. 6f; Table S6). This small population of CD8+ T cells
expressed Ifng, Gzmb, Tbx21, but not Cd62l, Il7r, or Tcf7 (Fig. 6g and Fig. S11f). Other marker genes in Ib-
CD8+ T cells primed by MHC Ia, such as Cx3cr1 and S1pr5, were also positive in this CD8+ T cell
population (Fig. 6g; Table S1). In addition, this CD8+ T cell population in wild type mice shared the similar
phenotypic signatures with Ib-CD8+ T cells primed by MHC Ia (Fig. 6h; Table S3). By employing single cell
analysis, recent studies revealed that CX3CR1+CD8+ T cells could be observed in patients with colorectal
cancer, liver cancer, or melanoma and their abundance represents better prognosis 19-22. Through mining
published datasets 23,24, we further revealed that human CX3CR1+CD8+ T cells in�ltrated in melanoma
also expressed high levels of cytotoxic factors such as GZMB, GZMH, and TBET (Fig. S11g-S11h; Table
S7). These results suggested that CX3CR1+Ib-CD8+ T cells may exist in individuals with normal MHC
expression and participate in anti-tumor immunity. 

To directly evaluate the therapeutic effects of Ib-CD8+ T cells primed by MHC Ia on combating tumors, we
transferred MHC Ia primed Ib-CD8+ T cells in the CD45.2+ background into CD45.1+ wild type mice with
established B16F10 melanoma tumors post half-lethal irradiation (Fig. 6i-6j). Due to the rarity of Ib-
CD8+ T cells, we obtained peritoneal lavage enriched in CX3CR1+Ib-CD8+ T cells in Ia+MSCs treated Kb-/-

Db-/- mice. These CD8+ T cells in the peritoneal lavage were CX3CR1+CD62L- and were more sensitive to
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TCR activation, indicating that they have been primed by MHC Ia (Fig. S12a-S12c). Administration of this
peritoneal lavage enriched in CX3CR1+Ib-CD8+ T cells dramatically inhibited tumor progression and
prolonged the survival of B16F10 tumor bearing wild type mice (Fig. 6i-6j and Fig. S12d). The transferred
CD45.2+ Ib-CD8+ T cells distributed in both spleen and tumor of wild type mice (Fig. S12e). We further
analyzed the donor or recipient origin of CD8+ T cells in the tumor microenvironment and found that most
of the CD45.1+ host CD8+ T cells expressed high levels of CD62L, however, CD45.2+Ib-CD8+ T cells were
negative for CD62L expression (Fig. 6k). Of note, the percentages of CX3CR1+ CD8+ T cells were much
higher in CD45.2+Ib-CD8+ T cell population than those in CD45.1+ host CD8+ T cell population (Fig. 6k).
Importantly, the transferred CD45.2+Ib-CD8+ T cells underwent more robust proliferation than CD45.1+

host CD8+ T cells (Fig. 6l and Fig. S12f). Taken together, these results demonstrate that MHC Ia primed Ib-
CD8+ T cells express CX3CR1 and these Ib-CD8+ T cells possess vigorous anti-tumor activities. 

Discussion
Evolutionarily, MHC Ib �rst appeared in �sh. Although it is known that MHC Ib restrict CD8+ T cells, the
function of these T cells is still a mystery. We found that Ib-CD8+ T cells possess astonishing tumoricidal
activities in Kb-/-Db-/- mice that lack Ia-CD8+ T cells. Further analysis revealed that this tumoricidal activity
of Ib-CD8+ T cells in Kb-/-Db-/- mice only appear when MHC Ia expressing cells are present. Since MHC Ia
tetramer could mimic MHC Ia expressing cells in promoting the expansion of Ib-CD8+ T cells during
activation, we believe that the effects of MHC Ia are directly on Ib-CD8+ T cells. Additionally, we found that
these Ib-CD8+ T cells express CX3CR1 and possess strong cytolytic activities. Of note, our analysis
revealed that the effect of MHC Ia on CX3CR1+ Ib-CD8+T cells is exerted through Tbet activation. Finally,
the tumoricidal activity of MHC Ia primed CX3CR1+ Ib-CD8+ T cells could be observed upon adoptive
transferred into tumor bearing wild type mice. Our study, therefore, demonstrate that Ib-CD8+ T cells
acquire strong tumoricidal capability when being primed by MHC Ia.

The classical function of MHC Ia is to present antigenic peptides to CD8+ T cells. In our tumor models,
MHC Ia could not directly activate Ib-CD8+ T cells, rather, the effect is exerted through a “co-stimulation-
like” action. MHC Ia tetramers coated on plastic could induce the expression of genes related to T cell
activation, but no proliferation was observed. The effect of MHC Ia tetramer on Ib-CD8+ T cell
proliferation could only be seen when in synergy with TCR activation. Therefore, the effect of MHC Ia on
Ib-CD8+ T cells is distinct from allo-reaction or superantigen activation. On the contrary, ligation of killer-
cell immunoglobulin-like receptors (KIR) by MHC Ia prevent the cytotoxic effects of NK cells and CD8+ T
cells 25,26. Further investigations to parse out the speci�c receptor(s) through which MHC Ia affect Ib-
CD8+ T cells will yield important insights into the immunoregulatory function of MHC Ia and anti-tumor
activity of Ib-CD8+ T cells. 
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The mouse MHC Ib are predominantly located at H2-Q, H2-T, and H2-M regions in chromosome 17 27.
These regions contain more than 20 predicted protein-coding class Ib, making MHC Ib-restricted CD8+ T
cells a large family 3. In the current study, we characterized the properties of Ib-CD8+ T cells at single cell
resolution and identi�ed CX3CR1+ Ib-CD8+ T cells that were responsible for tumor killing. It is not known
whether these CX3CR1+ Ib-CD8+ T cells represent a unique subpopulation of Ib-CD8+ T cells restricted by
a certain MHC Ib. Another issue is the mechanism by which Ib-CD8+ T cells recognize tumors. It is
possible that MHC Ib complexed with tumor antigens directly activated Ib-CD8+ T cells. Whole-genome
CRISPR-Cas9 library screening could be applied to clarify the tumor antigen recognition by Ib-CD8+ T
cells.  

CX3CR1 is a G-protein coupled receptor and is expressed on monocytes, macrophages, dendritic cells, T
cells, and NK cells. A recent study found that CX3CR1-CD8+ T cells have high cytotoxic activity, which is
nevertheless suppressed in the tumor microenvironment, while CX3CR1hi CD8+ T cells retained high levels
of proliferation and cytokine production 28,29. We found that the tumoricidal Ib-CD8+ T cells express
CX3CR1 and these CX3CR1+ Ib-CD8+ T cells possess a prolonged strong tumor killing capability without
clear exhaustion in tumor sites. This is in accordance with the CX3CR1+CD8+T cells in mice with virus
infection and human with liver cancer, melanoma, and colorectal cancer 19-22,30-33. These CD8+ T cells are
positive for IFNG, GZMA, GZMB and TBX21, and negative for SELL, IL7R, CCR7 and TCF7. Our tumoricidal
Ib-CD8+ T cells even share some uncharacterized genes, such as S1pr5, with CX3CR1+CD8+ T cells at
human tumor sites 19,20,23,24,34 (Fig. 6g and Fig. S11h). Therefore, CX3CR1+CD8+ T cells in the tumor
microenvironment may represent tumoricidal Ib-CD8+ T cells primed by MHC Ia under certain conditions.
According to the complexity of MHC Ib and their restrictions on the formation of Ib-CD8+ T cells, knockout
mice with speci�c deletion of MHC Ib in Kb-/-Db-/- mice are required to further address whether the
population of CX3CR1+Ib-CD8+ T cells is unique and restricted by certain MHC Ib. 

We demonstrated that MHC Ia could decrease the threshold of Ib-CD8+ T cells upon TCR activation. A
fascinating question centers on how the interaction of MHC Ia and Ib-CD8+ T cells has evolved. We
speculate that such interaction may be the initial evolutionary forces driving the formation of
polymorphism of MHC Ia and the pre-adaption for the evolution of adaptive immunity. The advantages of
MHC polymorphism in natural populations are well understood 35. Having hundreds of variants MHC
molecules within a mammalian specie ensures that the population will not go extinction upon invading
by a novel pathogen, because at least some MHC haplotypes could activate adaptive immune systems. It
is clear that an individual does not directly bene�t from the polymorphism of MHC Ia, as the limitation of
the availability of the MHC Ia genes for one individual. For example, there are 3 MHC Ia loci in the mouse,
allowing for expressing up to 6 MHC Ia. To achieve polymorphism in a population, the very �rst evolution
of MHC Ia should confer an individual with survival advantages regardless of haplotypes. In light of our
�ndings, it could be envisioned that in animals such as cotton-top tamarin, which only possess MHC
Ib 36, the appearance of MHC Ia in the genomes would directly enhance the e�ciency of Ib-CD8+ T cells
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mediated immune responses, thus conferring a survival advantages to spread MHC Ia genes to the
populations.

Polymorphism of MHC Ia could become obstacles when developing cancer immunotherapies. For
example, chimeric antigen receptor (CAR) or T cell receptor (TCR) T cells have to be engineered from
autologous T cells to avoid the danger of graft-versus-host disease 37. The oligomorphic nature of Ib-
CD8+ T cells makes it possible to generate standard in-stock Ib-CD8+ T cell products for tumor patients
with different MHC haplotypes. Our investigations suggest that exploiting the anti-tumor potential of Ib-
CD8+ T cells may circumvent drawbacks of Ia-CD8+ T cell-based therapies. Moreover, CX3CR1+ Ib-CD8+ T
cells were tumor orientated and resistant to exhaustion in tumor microenvironment, making these cells
ideal material for CAR T cells or TCR T cells engineering to combat solid tumors. Like CAR T therapies, we
found that the adoptive transferred Ib-CD8+ T cells achieved best e�cacy in wild type tumor bearing mice
receiving lymphodepletion treatment. This explains the phenomenon why CX3CR1+ CD8+ T cells did not
expand to dominate the anti-tumor effects in tumor patient and wild type mice. We hypothesized that Ib-
CD8+ T cells were competitively inhibited in MHC Ia competent individuals. Unlashing the suppressed Ib-
CD8+ T cells could be another way to combat tumor. 

Our study revealed that Ib-CD8+ T cells can be invigorated to combat tumor upon MHC Ia stimulation. Our
analysis also demonstrated that the activation and anti-tumor activity of Ib-CD8+ T cells rely on Tbet
signaling. Future investigations should elucidate how MHC Ia primes Ib-CD8+ T cells and how such Ib-
CD8+ T cells recognize and kill different tumors. Taken together, these �ndings extend our understanding
on Ib-CD8+T cell biology and provide strategies to redirect these cells to combat malignancies.
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Materials & Correspondence
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(yfshi@suda.edu.cn).

Methods
Mice

C57BL/6, Balb/c mice and CD45.1+ mice (C57BL/6 background) were purchased from Shanghai
Laboratory Animal Center of the Chinese Academy of Sciences. Kb-/-Db-/- mice (C57BL/6 background) and
Tbet-/- mice (Balb/c background) were obtained from Taconic Farms. Kb-/-Db-/- mice and CD45.1+ mice
were crossed to generate CD45.1+Kb-/-Db-/- mice. Kb-/-Db-/- mice and Tbet-/- mice were crossed and
backcrossed for 10 generations to generate Kb-/-Db-/-Tbet-/- mice in the C57BL/6 background. All mice
were maintained in a speci�c pathogen-free facility of the Shanghai Institute of Nutrition and Health of
the Chinese Academy of Sciences. Mice used were at 8-12 weeks of age in both gender and were gender-
and age-matched in each experiment. Animal care was in full compliance with the guide for the care and
use of laboratory animals and the Institutional Animal Care and Use Committee of the Shanghai Institute
of Nutrition and Health of the Chinese Academy of Sciences. 

Tumor cell lines

The melanoma cell lines B16F0 and B16F10, prostate cancer cell line RM1, hepatoma cell line Hepa1-6,
and Lewis lung carcinoma cell line LLC1 were obtained from Cell Bank of Chinese Academy of Science.
Melanoma cell line B78H1 was kindly provided by Dr. Beicheng Sun, Nanjing University Medical School
A�liated Nanjing Drum Tower Hospital. Colon adenocarcinoma cell line MC38 was kindly provided by Dr.
Wei Lv, Shanghai Institute of Nutrition and Health of the Chinese Academy of Sciences. All the tumor cell
lines were cultured in high-glucose Dulbecco’s modi�ed Eagle’s medium (DMEM) supplemented with 10%
FBS (vol/vol), 2 mM glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin.

Mouse mesenchymal stromal cells 

Mesenchymal stromal cells (MSCs) from C57BL/6 mice, Kb-/-Db-/- mice, Balb/c mice, and Swiss mice were
obtained as described previously 15. Brie�y, bone marrow cells from tibia and femur of 8-12-week-old
mice were cultured in low-glucose DMEM medium supplemented with 10% FBS (vol/vol), 2 mM
glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. After 24 hours, the nonadherent cells were
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removed and adherent cells were maintained with medium replenish every 3 days. The adherent cell
colonies were passaged and expanded. 

Tumor inoculation and MSC treatment

Two hundred thousand B16F0, B78H1, RM1, Hepa1-6, LLC1, or RM1 tumor cells in 50 μl PBS were
injected intramuscularly (i.m.) in the right thigh of mice to evaluate tumor growth. Three hundred
thousand B16F10 tumor cells in 200 μl PBS were injected into mice intravenously (i.v.). For the co-
injection of tumor cells and mesenchymal stromal cells (MSCs), B16F0 or B78H1 were co-injected with Ia-

MSCs (isolated from Kb-/-Db-/- mice) or Ia+MSCs (isolated from C57BL/6 mice) intramuscularly into mice.
For peritoneal (i.p.) administration of MSCs, mice injected with B16F10 (i.v.), B16F0 (i.m.) or B78H1 (i.m.)
were also i.p. injected with 1×106 Ia-MSCs, Ia+MSCs, Balb/c_MSCs or Swiss_MSCs in 500 μl PBS every 3
days. To deplete macrophages, tumor bearing mice were injected with 1 mg clodronate liposomes i.p.
every 3 days. α-CD8 (clone No: 2.43, 200 μg/mouse), α-NK1.1 (clone No: PK136, 200 μg/mouse), and α-
Gr1 (clone No: RB6-8C5, 200 μg/mouse) were i.p. injected every 3 days to deplete CD8+ T cells, NK/NKT
cells, and neutrophils, respectively. 

Adoptive transfer of Ib-CD8+ T cells to tumor bearing mice

Three hundred thousand B16F10 melanoma cells were i.v. injected to CD45.1+ mice. The tumor bearing
mice were irradiated (5 Gy) on day 9, when melanoma nodes had been established in lungs. After
irradiation, peritoneal lavage isolated from Ia+MSCs pre-treated CD45.2+Kb-/-Db-/- mice was i.p.
administrated into these tumor bearing mice every 3 days. The mice were euthanized on day 22 post
tumor inoculation. The therapeutic effects were evaluated by the ratio of tumor area to that on day 9. 

Isolation of tumor in�ltrated mononuclear cells 

For tumors established by i.m. injected tumor cells, tumor tissues were homogenized by pressing through
a 70 μm cell strainer to generate single cell suspensions. For tumors established by i.v. injected tumor
cells, lung tissues were digested by 2.5 mg/ml collagenase I for 30 minutes and homogenized by
pressing through a 70 μm cell strainer to generate single cell suspensions. The cell suspensions of tumor
tissues were subjected to a discontinuous Percoll gradient (70%/40%) centrifugation at 800g without
break at room temperature for 20 minutes. Mononuclear cells at the interface were collected and washed
with PBS before further analysis.

Flow cytometry and intracellular protein staining

Cells were stained with �uorophore-conjugated monoclonal antibodies according to standard protocols.
To detect secretory proteins, T cells were stimulated with PMA (10 ng/ml), ionomycin (1 μg/ml), and
brefeldin A (10 μg/ml) for 5 hours. Intracellular staining was carried out using a
Fixation/Permeabilization Solution (eBioscience, 00-5523-00) according to the manufacturer's
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instructions. Flow cytometry was performed on a FACS Calibur �ow cytometer using CellQuest
acquisition software. Flowcytometry data was analyzed using FlowJo.

Puri�cation and in vitro culture of CD8+ T cells

CD8+ T cells were isolated from the spleen using immunomagnetic separation beads according to
manufacturer's instructions. For tetramer exposure experiments, CD8+ T cells (1×106/well) were seeded
into 96-well plates pre-coated with α-CD3/CD28 (5 μg/ml) along with or without tetramer (20 μg/ml), and
cultured with RPMI-1640 medium supplemented with 10% FBS (vol/vol), 2 mM glutamine, 100 U/ml
penicillin, and 100 μg/ml streptomycin for 48 hours. For co-culture of T cells and mesenchymal stromal
cells (MSCs), MSCs (1.5×105/well) were seeded to 6-well plates and acclimated for 24 hours. Puri�ed
CD8+ T cells (2×106/well) were then added to MSC culture. After co-culture for 24 hours, T cells were
separated from MSCs and incubated with 10 μg/ml anti-CD3 (Clone:145-2C11) and anti-CD28
(Clone:37.51) antibodies on ice for 10 minutes. Goat anti-hamster IgG was used to crosslink surface
bounded antibodies on ice for another 15 minutes. CD8+ T cells were then warmed to 37℃ to undergo
phosphorylation for 0, 5 or 15 minutes.

Calcium �ux analysis

CD8+ T cells separated from the MSC and T cell co-culture system were washed with HHBS (1X Hank’s
with 20 mM Hepes Buffer, pH 7.0) twice and then loaded with Fluo-8 dye according to the manufacturer’s
instructions. CD8+ T cells co-cultured with Ia+ MSCs and Ia- MSCs were mixed at 1:1 ratio and subjected
to �owcytometry to measure intracellular calcium levels. To discriminate calcium signaling from CD8+ T
cells co-cultured with Ia+ MSCs or Ia- MSCs, CD8+ T cells co-cultured with Ia+ MSCs were labelled with
APC conjugated anti-CD45 antibody while CD8+ T cells co-cultured with Ia- MSCs were left unstained. The
mixture of CD8+ T cells were resuspended in calcium free Ringers buffer. Thapsigargin or goat anti-
hamster IgG mediated CD3/CD28 crosslinking was applied to induced calcium release from endoplasmic
reticulum. The store-operated Ca2+ in�ux was observed when CaCl2 was supplied to calcium free Ringers
buffer at 2 mM �nal concentrations.

Edu incorporation assay 

For assessment of T cell proliferation in vivo, Edu (5-ethynyl-2'-deoxyuridine, 200 μg) was i.p.
administrated into mice 4 hours prior to euthanization. For assessment of T cell proliferation in vitro, Edu
(10 μM) was added to the culture medium 2 hours before cell harvest. Cells isolated either from mice or in
vitro culture system were stained with Edu according to the manufactures’ protocols. 

Scanning electron microscopy 

MSCs were cultured in glass-bottomed dish and magnetic beads isolated CD8+ T cells were plated onto
MSCs. Medium was removed from the co-culture system after 24 hours. Cells attached on the glass were
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�xed with 2.5% glutaraldehyde and then rinsed in 0.1 M phosphate buffer. The �xed samples were
incubated for 1 hour in 1% osmium tetroxide and then rinsed in 0.1 M phosphate buffer. Cells were further
dehydrated with gradient concentration of ethyl alcohol and dried under vacuum state. Cells were coated
with gold layer and imaged with a tabletop scanning electron microscope.

Cytotoxicity assay 

CD8+ T cells isolated from tumor were co-cultured with B16F10 melanoma cells in 96-well �at plate for 48
hours. Ten thousand B16F10 were seeded to 96-well plate with CD8+ T cells in different ratio to B16F10.
Cell culture media were collected and subjected to LDH (lactate dehydrogenase) measurement according
to the manufacturer's instructions (Promega, G1780). The percentage of cytotoxicity was calculated by
Cytotoxicity% = 100 × Experimental LDH Release(OD490) / Maximum LDH Release(OD490).

RNA Extraction, RT–PCR and qPCR

Total RNA was extracted using an RNAprep pure Cell/Bacteria Kit and reverse-transcribed by a
PrimeScript RT Master Mix. The FastStart Universal SYBR Green Master Mix was added along with cDNA
and 1 pmol primers in a total PCR reaction volume of 10 μl. Primer sequences were provided in
supplemental Table S8. 

10X genomics single cell RNA sequencing and data processing

The number of single cells in the cell suspension was counted using a CounterStar. Cells were loaded
according to the standard protocol of the Chromium single cell 3’ kit (V2 chemistry). Single-cell capture,
reverse transcription, cell lysis, and library preparation were performed according to manufacturer’s
protocol. Sequencing was performed on an Illumina HiSeq XTEN platform (Illumina, 150-bp paired-end
protocol).

scRNA-seq data analysis was performed by NovelBio Bio-Pharm Technology Co.,Ltd. with NovelBrain
Cloud Analysis Platform. We applied fastp with default parameter �ltering the adaptor sequence and
removed the low-quality reads to achieve the clean data. Then the feature-barcode matrices were
obtained by aligning reads to the mouse genome (GRCH38 ensembl: version 91) using CellRanger v2.1.0.
We applied the down sample analysis among samples sequenced according to the mapped barcoded
reads per cell of each sample and �nally achieved the aggregated matrix. Cells contained ranged from
200-500 expressed genes and mitochondria UMI rate below 20% passed the cell quality �ltering and
mitochondria genes were removed in the expression table.

Seurat package (version: 2.3.4, https://satijalab.org/seurat/) was used for cell normalization and
regression based on the expression table according to the UMI counts of each sample and percent of
mitochondria rate to obtain the scaled data. PCA was constructed based on the scaled data with top
2000 high variable genes and top 10 principals were used for tSNE construction. 
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Utilizing graph-based cluster method, we acquired the unsupervised cell cluster result based the PCA top
10 principal and we calculated the marker genes by FindAllMarkers function with wilcox rank sum test
algorithm under following criteria:1. lnFC > 0.25; 2. pvalue<0.05; 3. min.pct>0.1. In order to identify the cell
type detailed, the clusters of same cell type were selected for re-tSNE analysis, graph-based clustering,
and marker analysis. Cells in Cd8a positive speci�c clusters was selected for sub-clustering and been
separated into three analysis group for further analysis: 1. KD sample only (KbDb); 2.C57 sample (C57);
3. KD and C57 sample together (all). 

Pseudotime Analysis

We applied the Single-Cell Trajectories analysis utilizing Monocle2 (http://cole-trapnell-
lab.github.io/monocle-release) using DDR-Tree and default parameter. Before Monocle analysis, we
select marker genes of the Seurat clustering result and raw expression counts of the cell passed �ltering.
Based on the pseudo-time analysis, branch expression analysis modeling (BEAM Analysis) was applied
for branch fate determined gene analysis.

ssGSEA analysis

We applied ssGSEA (Single-sample Gene Set Enrichment Analysis) Analysis
(bioconductor.org/packages/release/bioc/html/GSVA.html ) based on the gene sets collected
domestically to scoring the functional annotation of each cell.

GO Analysis

Gene ontology (GO) analysis was performed to facilitate elucidating the biological implications of marker
genes and differentially expressed genes. We downloaded the GO annotations from NCBI
(http://www.ncbi.nlm.nih.gov/), UniProt (http://www.uniprot.org/) and the Gene Ontology
(http://www.geneontology.org/). Fisher’s exact test was applied to identify the signi�cant GO categories
and FDR was used to correct the p-values.

Statistical Analysis

The statistical signi�cance was analyzed using an unpaired two-tailed Student's t-test with Prism
software (GraphPad). The exact values of n and statistical signi�cance are reported in the Figures and
the Figure Legends. Error bars represent standard error of the mean (SEM). Signi�cant difference in
means is indicated as: *p < 0.05, **p < 0.01, and ***p < 0.001. 

Software

GraphPad Prism is available at https://www.graphpad.com 

FlowJo is available at https://www.�owjo.com

ImageJ is available at https://imagej.net/Welcome 
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Data availability

All data are available in the main text or the supplementary materials and can be obtained from the
corresponding author upon reasonable request. The accession number for single-cell mRNA-Seq datasets
reported in this paper is GEO: GSE164271. 
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Figure 1

MHC Ia elicits anti-tumor immunity of Ib-CD8+ T cells, see also Fig. S1-S6. (a) C57BL/6 and Kb-/-Db-/-
mice were inoculated i.v. with B16F10 cells (3×105) or i.m. with other tumor cell types (2×105). The tumor
burden (middle panels) and tumor in�ltrated CD8+ T cells (right panels) were evaluated (n=5 for each
group, repeated for more than three times). The tumors from Kb-/-Db-/- mice were processed into single
cell suspensions and the expression of MHC Ia was detected �owcytometrically (left panels). (b-c) B16F0
cells (2×105) were administrated i.m. into C57BL/6 or Kb-/-Db-/- mice alone or concurrently with
mesenchymal stromal cells (2×105) derived from C57BL/6 mice (Ia+MSCs) or Kb-/-Db-/- mice (Ia-MSCs).
Mice were euthanized on day 13 post tumor inoculation to evaluate tumor burden (b) and CD8+ T cell
in�ltration in tumors (c) (n=5 for each group, repeated for more than three times). (d-e) B78H1 cells (MHC
Ia-, 2×105) were co-administrated with Ia-MSCs (2×105) or Ia+MSCs (2×105) to Kb-/-Db-/- mice by i.m.
injection. The mice were euthanized on day 13 post tumor inoculation to evaluate tumor burden (d) and
CD8+ T cell in�ltration in tumor sites (e) (n=5 for each group, repeated for three times). (f) Kb-/-Db-/- mice
were inoculated with B16F10, B16F0, or B78H1 as described in Fig. 1a. The tumor bearing mice received
Ia-MSCs (1×106) or Ia+MSCs (1×106) every 3 days by i.p. injection. The tumor burden and CD8+ T cell
in�ltration in tumor sites were analyzed (n≥4 for each group, repeated for more than three times). (g-h)
Kb-/-Db-/- mice were inoculated with B16F10 (g) or B16F0 (h) melanoma cells as described in Fig. 1a.
The tumor bearing mice received Ia-MSCs (1×106), Ia+MSCs (1×106), or Ia+MSCs (1×106) along with
CD8 depletion antibody (clone No: 2.43, 200 μg/mouse) every 3 days by i.p. injection. Tumor burden (left
panels) and CD8+ T cell in�ltration in tumor sites (right panels) were evaluated on day 13 (B16F0) or day
16 (B16F10) post tumor inoculation (n=5 for each group, repeated for three times). Data are presented as
Mean ±SEM. **p<0.01, ***p<0.001.
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Figure 2

Ib-CD8+ T cells boosted by Ia+MSCs exhibit anti-tumor phenotypes, see also Fig. S7, Fig. S8, Table S1,
Table S2, and Table S3. (a) Kb-/-Db-/- mice were inoculated with B16F10 cells (3×105, i.v.). These tumor
bearing mice were i.p. injected with Ia-MSCs (1×106) or Ia+MSCs (1×106) every 3 days starting on day 0.
After 9 days, splenic CD8+ T cells from Ia-MSCs treated mice (Ia-MSCs-spleen), splenic CD8+ T cells from
Ia+MSCs treated mice (Ia+MSCs-spleen), and tumor in�ltrated CD8+ T cells from Ia+MSCs treated mice
(Ia+MSCs-tumor) were isolated using magnet beads and subjected to single cell RNA sequencing. Left
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panel: t-SNE plot of 12,208 sequenced CD8+ cells, there are 13 populations and each is marked by a
different color; right panel: CD8+ cells from different tissues in the t-SNE plot. (b) Bubble plot showing
expression levels of selected marker genes of 13 subtypes of CD8+ T cells. (c) Projection of a naïve CD8+
T cell signature, effector CD8+ T cell signature, cytolysis signature, and T cell recruitment signature in the
t-SNE plot. (d) Relative expression intensity of selected genes superimposed on the t-SNE projections
shown in Fig. 2a. (e-f) Percentage of IFNγ (e) and GZMB (f) expressing cells in tumor in�ltrated CD8+ T
cells isolated from B16F10 tumor bearing Kb-/-Db-/- mice treated with Ia-MSCs or Ia+MSCs (n≥4 for each
group, repeated for more than three times). (g) Percentage of CD44+CD62L- effector and effector memory
(E/EM) cells in tumor in�ltrated CD8+ T cells isolated from B16F10 bearing Kb-/-Db-/- mice treated with
Ia-MSCs or Ia+MSCs (n=5 for each group, repeated for more than three times). (h) The B16F10 tumor
model was established as described in Fig. 2a. Tumor in�ltrated CD8+ T cells were obtained using
magnet beads and co-cultured with B16F10 cells in vitro for 48 hours. Cytolysis e�ciency was
determined with LDH release assay at different effector: target ratios (n=3 for each group, repeated for
twice). (i) Projection of exhaustion signature on the t-SNE plot shown in Fig. 2a. (j-k) Percentage of PD-1
(j) and FAS (k) positive cells in tumor in�ltrated CD8+ T cells isolated from B16F10 bearing Kb-/-Db-/-
mice treated with Ia-MSCs or Ia+MSCs (n=6 for each group, repeated for three times). Data are presented
as Mean ± SEM. **p<0.01, ***p<0.001.
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Figure 3

Ia+MSCs exert priming effects on Ib-CD8+ T cells, see also Fig. S9, Table S2, Table S4, and Table S5. (a)
Kb-/-Db-/- mice were inoculated with B16F10 cells (3×105, i.v.). The tumor bearing mice were i.p. injected
with Ia-MSCs (1×106) or Ia+MSCs (1×106) every 3 days starting on day 0. After 16 days, the percentage
of IFNγ and GZMB expressing cells among splenic and tumor in�ltrated CD8+ T cells was analyzed by
�ow cytometry (n=4 for each group, repeated for more than three times). (b) The B16F10 tumor model
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was established as described in Fig. 3a. Edu was i.p. injected into tumor bearing mice 4 hours before
euthanasia to evaluate T cell proliferation in vivo, repeated for three times. (c) Kb-/-Db-/- mice were i.v.
injected with B16F10 cells (3×105) and i.p. injected with Ia-MSCs (1×106) or Ia+MSCs (1×106) every 3
days starting on day 0. After 16 days, splenic and tumor in�ltrated CD8+ T cells were tested for their
TCRvβ usage. The percentages of different TCRvβ expression in total CD8+ T cells were calculated,
repeated for twice. (d) The B16F10 tumor model was established as described in Fig. 3a. The splenic and
tumor in�ltrated CD8+ T cells were isolated by magnet beads and stimulated with α-CD3/CD28 in vitro.
Edu was added into culture medium 2 hours before the harvest of CD8+ T cells and Edu incorporation
was assayed to assess their proliferation, repeated for twice. (e) Monocle-generated plots presenting
pseudotime ordering and differentiation trajectory of cell clusters. Tissue origin and sub-population color
coding are as shown in Fig. 2a. (f) Bubble plot of the enriched GO terms of differentially expressed genes
in each cluster. (g) Relative expression of feature genes determining the pseudotime trajectory in different
sub-population. Data are presented as Mean ± SEM. **p<0.01, NS, no signi�cance.
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Figure 4

MHC Ia sensitizes Ib-CD8+ T cells for TCR activation, see also Fig. S10 and Table S2. (a) Puri�ed Ib-CD8+
T cells were mixed with Ia+MSCs or Ia-MSCs and then subjected to TCR activation. The phosphorylation
of Lck, PLCγ, Zap70 and SLP76 was determined at 0, 5, and 15 min by �owcytometry. (n=3 for each
group, repeated for twice) (b) Scanning electron microscopy was applied to monitor the morphological
changes of Ib-CD8+ T cells after co-cultured with Ia+MSCs or Ia-MSCs for 24 hours. (c) Magnet beads
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puri�ed Ib-CD8+ T cells were co-cultured with Ia+MSCs or Ia-MSCs. After 24-hour co-culture, CD8+ T cells
were separated from MSCs and stimulated with α-CD3/CD28. The phosphorylation of Lck, PLCγ, Zap70
and SLP76 in CD8+ T cells was determined. Histograms in the lower panel represents the signal
intensities of phosphorylated proteins after 5 min stimulation (n=3 for each group, repeated for twice). (d)
Store-operated Ca2+ in�ux in Ib-CD8+ T cells co-cultured with Ia+MSCs or Ia-MSCs in response to 1 μM
thapsigargin (TG; upper panel) or goat-anti-hamster IgG (GAH; lower panel) mediated crosslinking of anti-
CD3 and anti-CD28 antibodies, repeated for more than three times. (e) CD8+ T cells were isolated from
the spleen of Kb-/-Db-/- mice using magnet beads and treated with plate-coated MHC Ia tetramer (H2-Kb-
SIINFEKL, H2-Kb-RTYTYEKL, or H2-Db-VALLNKTNV) or MHC Ib tetramer (H2-Q9-ILMEHIHLL) with or
without α-CD3/CD28 stimulation. The proliferation of Ib-CD8+ T cells was determined by Edu
incorporation assay, repeated for twice. (f) CD8+ T cells were isolated from the spleen of Kb-/-Db-/- mice
using magnet beads and cultured with plate-coated MHC Ia tetramer (mixture of H2-Kb-SIINFEKL, H2-Kb-
RTYTYEKL, and H2-Db-VALLNKTNV) or MHC Ib tetramer (H2-Q9-ILMEHIHLL) for 24 hours before
Realtime PCR analysis of the listed genes. The value represents the Log(e) transformed ratio of gene
expression levels of MHC Ia tetramer treated CD8+ T cells to MHC Ib tetramer treated CD8+ T cells (right
panel). The examined genes are the marker genes for Ia+MSCs primed Ib-CD8+ T cells and the ratio of
average expression levels of clusters 7, 9, 10, and 11 to that of clusters 0, 1, 3, and 4 in Fig. 2a was
calculated and transformed with Log(e) (left panel).
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Figure 5

MHC Ia empowers Ib-CD8+ T cells with anti-tumor immunity via Tbet, see also Table S3. (a-b) Relative
expression intensity of Tbx21(a) and projection of Tbet signaling signature (b) superimposed on the t-
SNE projections shown in Fig. 2a. (c-d) Kb-/-Db-/- mice were i.v. injected with B16F10 cells (3×105). The
tumor bearing mice were i.p. injected with Ia-MSCs (1×106) or Ia+MSCs (1×106) every 3 days starting on
day 0. The percentage of EOMES or Tbet positive cells in splenic (c) and tumor in�ltrated (d) CD8+ T cells
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were determined (n=4 for each group, repeated for more than three times). (e-g) B16F10 tumor model was
established in Kb-/-Db-/- mice and Kb-/-Db-/-Tbet-/- mice. Ia-MSCs (1×106) or Ia+MSCs (1×106) were i.p.
injected into tumor bearing mice every 3 days. Tumor burden in lungs were calculated by ImageJ on day
13 post tumor inoculation (e). The expression levels of Tbet in splenic and tumor in�ltrated CD8+ T cells
were determined by �ow cytometry (f). The percentage of CD8+ T cells in tumor in�ltrated immune cells
was analyzed (g) (n≥3 for each group, repeated for twice). (h) Percentage of GZMA expressing cells in
tumor in�ltrated CD8+ T cells isolated from B16F10 bearing Kb-/-Db-/- mice or Kb-/-Db-/-Tbet-/- mice
treated with Ia-MSCs (1×106) or Ia+MSCs (1×106) (n≥4 for each group, repeated for twice). Data are
presented as Mean±SEM. *p<0.05, **p<0.01, ***p<0.001, NS, no signi�cance.
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Figure 6

MHC Ia primed Ib-CD8+ T cells express CX3CR1 and their adoptive transfer inhibits tumor progression,
see also Fig. S11-S12 and Table S3. (a) Relative expression intensity of Cx3cr1 and Cd62l superimposed
on the t-SNE projections shown in Fig. 2a. (b-c) Kb-/-Db-/- mice were i.v. injected with B16F10 cells
(3×105). The tumor bearing mice were i.p. injected with Ia-MSCs (1×106) or Ia+MSCs (1×106) every 3
days. After 13 days, the expression of CX3CR1 and CD62L on splenic and tumor in�ltrated CD8+ T cells
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were analyzed by �ow cytometry (b). The percentage of CX3CR1+Ki67+ cells in CD8+ T cells was
calculated (c) (n=5 for each group, repeated for three times). (d-e) The B16F10 tumor model was
established in Kb-/-Db-/- mice and Kb-/-Db-/-Tbet-/- mice. Ia-MSCs (1×106) or Ia+MSCs (1×106) were i.p.
injected into tumor bearing mice every 3 days starting on day 0. The expression of CX3CR1 and Tbet in
tumor in�ltrated (d) and splenic (e) CD8+ T cells was determined by �ow cytometry (n≥4 for each group,
repeated for twice). (f) Kb-/-Db-/- mice and C57BL/6 mice were i.v. injected with B16F10 cells (3×105).
The tumor bearing Kb-/-Db-/- mice were i.p. injected with Ia-MSCs (1×106) or Ia+MSCs (1×106) every 3
days starting on day 0. After 9 days, splenic CD8+ T cells from Ia-MSCs treated Kb-/-Db-/- mice (Ia-MSCs-
spleen), splenic CD8+ T cells from Ia+MSCs treated Kb-/-Db-/- mice (Ia+MSCs-spleen), tumor in�ltrated
CD8+ T cells from Ia+MSCs treated Kb-/-Db-/- mice (Ia+MSCs-tumor), splenic CD8+ T cells from C57BL/6
mice (C57BL/6-spleen), and tumor in�ltrated CD8+ T cells from C57BL/6 mice (C57BL/6-tumor) were
isolated using magnet beads and subjected to single cell RNA sequencing. The similarities between CD8+
T cell subsets from C57BL/6 mice and Kb-/-Db-/- mice were calculated by Pearson's correlation test
according to their gene expression patterns. [K+Number] represents CD8+ T cell clusters from Kb-/-Db-/-
mice (shown in Fig. 2a); [C+Number] represents CD8+ T cell clusters from C57BL/6 mice (shown in Fig.
S11d). (g) Relative expression intensity of selected genes superimposed on the t-SNE projections shown
in Fig. S11c. Those MHC Ia primed Ib-CD8+ T cells (red dashed line) and CD8+ T cell population in
C57BL/6 mice (blue dashed line) similar to MHC Ia primed Ib-CD8+ T cells are circled. (h) Projection of a
naïve CD8+ T cell signature, cytolysis signature, Tbet signaling signature, and T cell recruitment signature
superimposed on the t-SNE projections shown in Fig. S11c. Those MHC Ia primed Ib-CD8+ T cells (red
dashed line) and CD8+ T cell population in C57BL/6 mice (blue dashed line) similar to MHC Ia primed Ib-
CD8+ T cells are circled. (i) B16F10 cells were i.v. injected into CD45.1+C57BL/6 mice. The tumor bearing
mice were irradiated (5 Gy) on day 9 and then received peritoneal lavage treatment by i.p. injection every
3 days. The peritoneal lavage was isolated from Ia+MSCs pre-treated CD45.2+Kb-/-Db-/- mice. The mice
were euthanized on day 22 post tumor inoculation. The therapeutic effects were evaluated by the ratio of
tumor area to total lung area (n=5 for each group, repeated for twice). (j) Tumor model and treatment
protocol were described in Fig. 6i, the death incidence of tumor bearing mice was recorded (n=18 for Ctrl
group and n=16 for Peritoneal lavage group). (k-l) Tumor model and treatment protocol were described in
Fig. 6i. The expression of CX3CR1 and CD62L on CD45.1+ host CD8+ T cells and CD45.2+ Ib-CD8+ T
cells in tumor sites was analyzed (k). The percentage of Edu+ cells in tumor in�ltrated CD45.1+ host
CD8+ T cells or CD45.2+ Ib-CD8+ T cells was analyzed to evaluate their proliferation capability (l) (n=5 for
each group, repeated for twice). Data are presented as Mean ± SEM. **p<0.01, ***p<0.001, NS, no
signi�cance.
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