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The authors reply: Senjo et al. recently transplanted equal and high numbers of congenic CD8+ 2C T cell receptor–
transgenic (CD8+ 2C TCR–Tg) and polyclonal B6 (CD4+ and CD8+) T cells into lethally irradiated B6D2F1 mice and
determined T cell differentiation in the presence/absence of cyclosporin, dosed orally at 25 mg/kg/day for 14 days (1).
Absorption was not validated by drug levels. Interpretation was heavily influenced by single-cell RNA-seq (scRNA-seq)
analyses on day 14 with subsequent protein analyses, performed principally on CD8+ 2C TCR–Tg T cells. In contrast, our
findings were primarily in alloreactive CD4+ T cells, with validation of expansion kinetics using small numbers of H-Y–
specific CD4+ TCR–Tg T cells (2). We noted preferential CD4+ central memory T cell (Tcm) generation in both polyclonal
and HY-TCR–Tg T cells in the presence of a calcineurin inhibitor (CNI) and importantly, this expansion was dose and
agent (tacrolimus > cyclosporin) dependent (2). Senjo et al. concluded from their scRNA-seq data that cyclosporin
promoted the expansion of transitory-exhausted (transitory-Tex) CD8+ T cells based on reduced PD-1, TIGIT, and TOX,
and increased CX3CR1 RNA expression relative to other T cell clusters. We note that the population expanded by
cyclosporin in cluster C1 contains a large fraction of TOX– cells, as acknowledged by Senjo et al. in their recent Letter to
the Editor (3). Consistent with […]
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The authors reply: Senjo et al. recently transplanted equal and 
high numbers of congenic CD8+ 2C T cell receptor–transgenic 
(CD8+ 2C TCR–Tg) and polyclonal B6 (CD4+ and CD8+) T cells 
into lethally irradiated B6D2F1 mice and determined T cell dif-
ferentiation in the presence/absence of cyclosporin, dosed orally 
at 25 mg/kg/day for 14 days (1). Absorption was not validated by 
drug levels. Interpretation was heavily influenced by single-cell 
RNA-seq (scRNA-seq) analyses on day 14 with subsequent protein 
analyses, performed principally on CD8+ 2C TCR–Tg T cells. In 
contrast, our findings were primarily in alloreactive CD4+ T cells, 
with validation of expansion kinetics using small numbers of H-Y–
specific CD4+ TCR–Tg T cells (2). We noted preferential CD4+ 
central memory T cell (Tcm) generation in both polyclonal and 
HY-TCR–Tg T cells in the presence of a calcineurin inhibitor (CNI) 
and importantly, this expansion was dose and agent (tacrolimus > 
cyclosporin) dependent (2).

Senjo et al. concluded from their scRNA-seq data that cyclospo-
rin promoted the expansion of transitory-exhausted (transitory- 
Tex) CD8+ T cells based on reduced PD-1, TIGIT, and TOX, and 
increased CX3CR1 RNA expression relative to other T cell clus-
ters. We note that the population expanded by cyclosporin in clus-
ter C1 contains a large fraction of TOX– cells, as acknowledged by 
Senjo et al. in their recent Letter to the Editor (3). Consistent with 
this, the protein data in Senjo et al. (Figure 3F) (1) demonstrate 
that approximately 50% of 2C TCR-Tg T cells are TOX– with cyc-
losporin. They did not analyze memory or exhausted T cell subsets 
by flow cytometry. Of note, CX3CR1 expression is consistent with 
effector/memory T cells and does not delineate transitory-Tex in 
the absence of TOX expression (4).

Senjo et al. assert that Ly6C specifically marks transitory-Tex 
based on scRNA-seq data (Figure 1E and ref. 3). Ly6C is broadly 
expressed on memory CD8+ T cells (5) and is most highly expressed 
on antigen-induced Tcm subsets (6). Indeed, Figure 3I of the Senjo 
et al. paper (1) shows that 64% of T cells expressed Ly6C in the 
presence of a CNI, but a large fraction of Ly6C+ cells appear TOX–. 
Thus, Ly6C does not discriminate transitory-Tex cells from oth-
er CD8+ T cell subsets after bone marrow transplantation (BMT) 
with a CNI and in fact, Ly6C+CD8+ T cells are enriched for nonex-
hausted (TOX–) T cells (Figure 1). Thus, the flow cytometry data in 
Figure 3, F and I of Senjo et al. and our own align. Critically, Senjo 
et al. note that they transferred Ly6C+ T cells (including CD4+ T 
cells), which gave rise to chronic GVHD (cGVHD) and the gener-
ation of TOX+ exhausted and TOX– effectors. The latter confirms 
that these cells are not a pure population of transitory-Tex, given 
that this population is irreversibly committed to exhaustion (i.e., 
should not generate TOX– effector T cells; ref. 7). Conversely, 
we transferred purified populations of CNI-induced CD4+ Tcm, 
which preferentially generated cGVHD.

We acknowledge that most of our analyses were on day 7 or 17 
after BMT, the latter 4 days after withdrawal of the CNI. Neverthe-
less, we undertook analyses at the same day 14 time point (Figure 
6 and ref. 2) in the same model (but without 2C TCR-Tg T cells) 

as Senjo et al. We demonstrated that in the presence of relevant 
systemic CNI levels (confirmed by drug levels), the expression of 
TOX and PD-1 was profoundly inhibited in CD4+ and CD8+ T cells, 
and all stages of T cell exhaustion were suppressed. Conversely, 
proportions of effector/memory subsets were expanded.

In conclusion, interpretation of established T cell subsets in 
Senjo et al. is difficult in the absence of CNI levels and validation 
of scRNA-seq analyses by flow cytometry. In our hands, CNIs, and 
particularly tacrolimus, profoundly impaired all stages of T cell 
exhaustion after BMT and instead promoted alloreactive CD4+ 
Tcm that generated cGVHD. The data in Senjo et al. are consis-
tent with this, although we postulate that CNI levels were sig-
nificantly lower in their studies. Other than Senjo et al. defining 
Ly6C+TOX– T cells as “exhausted” rather than effector/memory 
and their focus on CD8+ rather than CD4+ T cells, the findings in 
both papers are concordant (i.e., that CNIs rescue alloreactive T 
cell clones that promote cGVHD).
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Figure 1. B6D2F1 recipients of B6 BM plus T cells were treated with 
saline, cyclosporin (CSA), or tacrolimus (TAC) from day 0 to 13. Expres-
sion of TOX and Ly6C in splenic CD8+ T cells on day 14 (representative 
from 2 experiments).
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