LETTERS TO THE EDITOR

Memory CD8* T cells support the maintenance of
hematopoietic stem cells in the bone marrow

Following viral infections, considerable numbers of virus-
specific memory T cells accumulate in the bone marrow
(BM)." This organ is rich in interleukin-15, which is
required for the long-term maintenance of memory T cells.”
Whether this is driven by local homeostatic proliferation or
by survival is actively debated.’ The ability of BM to harbor
many (memory) T cells and support T-cell activation® is
intriguing, as activated T cells have a strong impact on the
hematopoietic process; they can skew hematopoietic dif-
ferentiation, affect self-renewal of hematopoietic stem cells
(HSCs), and thereby cause anemia and even BM failure.””
T cells also influence allogeneic BM transplantation, as they
drive graft-versus-host disease (GvHD).® Interestingly, T-cell
depletion from allogeneic BM grafts effectively lowers the
risk of GVHD, but increases the risk of graft failure. This has
led to the notion that T cells support HSC engraftment,
which has been attributed to memory CD8* T cells, where-
as naive T cells are responsible for GvHD development.®
Based on the impact that T cells have on the hematopoietic
process, we questioned whether there is a functional
crosstalk between T cells and HSCs. We found that mice

lacking (memory) T cells had less HSCs, and that memory
CD8" T cells enhanced the maintenance of HSCs in vitro
and in vivo. Both polyclonal and virus-specific BM memory
CD8'T cells exerted this effect, which was attributed to
their production of soluble factor(s).

First, we assessed whether T cells contribute to HSC
maintenance by analyzing the number of HSCs in T-cell
deficient mice, and observed that TCRa”™ mice had signifi-
cantly fewer HSCs compared to wild-type (WT) mice
(Figure 1A). Interestingly, this was also observed in
RAG27-OT-I mice (Figure 1A) which contain naive (Tyy;
CD44CD62L") T cells, but lack memory T cells,” suggest-
ing that memory T cells are responsible for the observed
effect. In both strains, the level of HSC quiescence was
comparable (Online Supplementary Figure S1A). We did not
observe more HSCs in the spleen (data not shown), arguing
against increased HSC mobilization from the BM.
Reciprocally, old mice (>50 weeks), which have more
memory T cells (Tyygy; CD44%) in BM than young mice
(<20 weeks) (Figure 1B and C), also have more HSCs
(Figure 1B and D). This supports the hypothesis that mem-
ory T cells in BM can affect the function and/or mainte-
nance of HSCs.

Next, we investigated whether T cells can directly affect
the maintenance and function of HSCs, by co-culturing
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Figure 1. Increase in memory T-cell numbers corresponds with higher frequency of hematopoietic stem cells (HSCs). (A) Absolute numbers of HSCs (Lin”°Sca-
1*cKit* CD150*CD48") in wild-type (WT), TCRa”-and Rag2”--OT-I mice (n=6 mice). (B) (Left) Representative FACS plots showing expression of CD44 and CD62L
by bone marrow (BM) TCR3 CD4*and TCR CD8" T cells in young (top) versus old (bottom) mice. (Right) Representative FACS plots showing expression of CD150
and CD48 by Lin-/loSca-1'cKit' (LSKs) of young and old mice; frequency of HSCs (CD150'CD48- cells) is indicated. (C) Frequency of naive (CD44-) and total
memory (CD44"; effector memory and central memory) CD4* and CD8* T cells in total BM cells. (D) Frequency of HSCs in total BM cells in young and old mice
(n=6 mice). Graphs show meanzStandard Deviation of each tested group, pooled from 2 independent experiments.
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HSCs with BM-derived CD4* or CD8* T cells, and exam-  and central memory ( T¢y; CD44°CD62L7) CD8' T cells,
ined these cultures after seven days, as described previous- ~ but not Tyy cells, were responsible for the observed effect
ly." We observed that BM CD8" T cells, but not CD4 T  (Figure 2A and Online Supplementary Figure S1D). Splenic
cells, significantly increased the number of HSCs  Memory CD8 T cells also increased HSC numbers (data ot
(Lin/*cKit'Sca 1'CD150°CD48") and progenitors (LKS; shown), indicating that this feature is not restricted to BM

Lin/°cKit'Sca-1*), without impairing their differentiation 2%?:1212:1 5‘3}8; B]I:A-ngsi-ve/?i ;?rifr;?ggftq—]ecjg escrt)eggz
(Online Supplementary Figure S1B and C). Subset analysis  go: the acute strain of lymphocytic choriomeningitis virus

revealed that both effector memory (Tgy; CD44°CD62L)
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Figure 2. Co-culture of HSCs with memory T cells or their supernatant propagates the expansion of hematopoietic stem cells (HSCs). (A) Absolute cell numbers
of Lin”°Sca-1'cKit" (LSKs) and HSCs generated in the assay when HSCs are co-cultured with the different subsets of the bone marrow (BM) CD8* T-cell popula-
tion. (B) Absolute cell numbers of LSKs and HSCs generated in the assay when HSCs are co-cultured with acute BM lymphocytic choriomeningitis virus (LCMV)-
specific memory CD8" T cells isolated based on recognition of GP33_44, GPy76_286 @nd NP3gg_404 €pitopes on day 34 post infection. (C) Absolute cell numbers
of LSKs and HSCs generated in the assay when HSCs are cultured with supernatant (SN) derived from BM naive (CD44-) and memory (CD44') CD8" T cells. (D)
Absolute cell numbers of LSKs and HSCs generated in the assay when HSCs are cultured with SN derived from acute BM LCMV-specific memory CD8* T cells
isolated based on recognition of GP33_41, GPy76_2gg and NP3gg_404 €pitopes on day 37 post infection. (E) Absolute cell numbers of LSKs and HSCs generated
in the assay when HSCs are cultured with 25% or 5% SN derived from in vitro generated resting antigen-experienced CD8* OT-I T cells. (F) Flow cytometry analysis
of the dilution of Cell Trace Violet (CTV) dye by HSCs when cultured with control medium or in vitro generated resting antigen-experienced CD8"* OT-I T cells. (G)
Frequency divided and proliferation index of HSCs that are cultured with SN derived from in vitro generated resting antigen-experienced CD8* OT-I T cells. Graphs
show meantStandard Deviation of each tested condition (n=3-16 wells), representative of 2-4 independent experiments.

haematologica 20 103:e231




LETTERS TO THE EDITOR

A

O 100

g -o- Control medium
8 80 o ke ok = _g BMCD8* TMEM SN
Z 60 = =

[0}

T 40

o

[ =

o

©

<

(=]
(]

Figure 3. Hematopoietic stem cells (HSCs) primed in vitro with bone mar-
row (BM) memory CD8* T-cell supernatant (SN) have long-term, multi-lin-
eage repopulation capacity. (A) Contribution of HSCs primed with control
medium or SN derived from BM memory CD8* T cells to the total circulating
white blood cells (WBC) (n=4 mice). (B) Contributions of HSCs primed with
CD8" OT-I Trest SN to the total circulating WBC after primary transplant. (C)
Relative contribution to lineage output of HSCs primed with CD8" OT-l Tregy
SN 25 weeks after primary transplant (n=5 mice). (D) Contributions of HSCs
originally primed (primary donors #1, #3, #5) with CD8" OT-I Tgegr SN to the
total circulating WBC after secondary transplant. (E) Relative contribution to
lineage output of HSCs originally primed with CD8" OT-l Tgegt SN 16 weeks
after secondary transplant (n=10 mice). Graphs show results of 3 inde-
pendent experiments.
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(LCMV Armstrong) (Figure 2B). Interestingly, exhausted
CD8" T cells from mice chronically infected with LCMV
Clone 13 were also able to support HSCs (Online
Supplementary Figure S1E). Furthermore, we investigated
whether the supporting effect of BM memory CD8" T cells
on HSCs is mediated by a soluble mediator. Therefore, we
cultured naive (CD44) or memory BM CD8* T cells
(CD44; Tyypy cells) for four days in medium with IL-7 and
IL-15 and collected the supernatants. HSCs cultured in
medium supplemented with 25% supernatant from BM
CD8* Tyygm cells, but not BM CD8* Tyy cells, gave rise to
more LSKs and HSCs (Figure 2C). Similarly, the supporting
effect of LCMV-specific CD8*T cells on LSK and HSC num-
bers was also achieved with culture supernatant of cells
generated during acute (Figure 2D) and chronic (Online
Supplementary Figure S1F) LCMV infection. In addition, we
investigated if we could generate HSC-supporting CD8" T
cells in vitro. We activated CD8* OT-I T cells overnight with
antigen-presenting cells and cognate peptide, followed by a
resting period of six days without antigen."" We harvested
supernatant from the last four days (thereby excluding the
presence of IEN-y and TNF-a)," and found that supernatant
of these resting antigen-experienced CD8*OT-I T cells (OT-
I Trest SN) also increased LSK and HSC numbers in vitro in
a dose-dependent manner (Figure 2E). Moreover, by label-
ing HSCs with a proliferation dye we observed that super-
natant from CD8" Ty, cells (data not shown) as well as OT-
I Tggst cells increased the proliferation of HSCs (Figure 2F
and G, and Ounline Supplementary Figure S1G). Analysis of

cell survival showed more than 80% viability for both LSKs
and HSCs with control medium, which was further
increased to more than 90% with CD8" OT-I Tgrgsy SN
(Online Supplementary Figure S1H). Thus, we demonstrate
that antigen-experienced CD8' T cells release soluble fac-
tor(s) that positively affect HSC maintenance in vitro by
boosting their proliferation and survival.

Lastly, in order to examine whether memory CD8" T
cells also preserved the in vivo functionality of HSCs, we
performed a competitive transplantation assay. HSCs were
cultured for three days with control medium (Ly5.1 HSCs)
or BM CD8* Ty supernatant (Ly5.1/5.2 HSCs), and sub-
sequently co-transplanted into lethally irradiated recipients
(Ly5.2 mice). We observed that, at four weeks post trans-
plantation, HSCs treated with CD8"Tygy, supernatant con-
tributed more to leukocyte production than HSCs cultured
with control medium (Figure 3A). This increased output
was maintained over time and observed in both myeloid
and lymphoid lineages (Online Supplementary Figure S2A-C).
This long-term, multi-lineage repopulation capacity was
also observed when HSCs were cultured with CD8* OT-I
Trest supernatant for seven days (Figure 3B and C).
Secondary transplantations confirmed that donor cells
reconstituted multiple lineages, formally demonstrating
that the T-cell supernatant also preserved the self-renewal
potential of HSCs (Figure 3D and E).

Taken together, our data indicate that resting memory
CD8" T cells have a beneficial effect on the maintenance
and survival of HSCs. The ability of virus-specific memory
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CD8" T cells to boost HSC maintenance was surprising, as
viral infections typically have a massive impact on the
hematopoietic process, which is detrimental for HSCs."”
Inflammatory cytokines, such as type I IFNs, IFN-y and
TNF-0, induce HSC differentiation in order to promote the
generation of immune cells that protect against invading
pathogen. However, this comes at the cost of their self-
renewal, thereby leading to a substantial loss in HSC num-
bers following viral infection.””** The observation that also
virus-specific CD8* T cells from chronically infected mice
boost HSC maintenance is striking, as these T cells are
functionally exhausted in terms of effector cytokine pro-
duction. Yet, this could be the reason why chronically
infected mice still have functional HSCs; the HSC-support-
ing capacity of exhausted T cells may counteract the dele-
terious impact of the ongoing wave of pro-inflammatory
cytokines during these infections. Based on our novel find-
ings, we postulate that the potential of memory CD8* T
cells to accumulate in the BM after viral infection supports
the restoration of the HSC pool. Apart from infections, our
data may also bear relevance for aging. It has been well-
established that HSC numbers increase upon aging." Our
data suggest that the accumulation of memory CD8" T cells
during aging may also contribute to this effect by support-
ing HSC maintenance and survival.

Our findings are of particular interest for HSC transplan-
tation. For many years, scientists have tried to identify fac-
tors that expand human HSCs ex vivo, as the success of
HSC transplantation is reduced when HSC numbers are
limited.® HSCs rapidly lose their long-term in vivo repopu-
lating potential when they are expanded in vitro, and the
synergistic action of multiple HSC-expansion agonists is
required for maintenance of their long-term engraftment
properties.” It is, therefore, interesting that memory CD8*
T cells, including resting antigen-experienced CD8* OT-I T
cells, produce a yet to be identified soluble factor(s) that
increases HSC numbers in vitro, while maintaining their
ability for self-renewal and long-term hematopoietic recon-
stitution i1 vivo. Moreover, the functional characteristics of
memory CD8" T cells that we uncovered may also provide
an explanation for the enigmatic observation that memory
CD8' T cells support HSC engraftment following allogene-
ic transplantation.” It has been suggested that donor CD8"
T cells can eradicate remaining recipient HSCs or T cells,
but also enhance the migration of donor HSCs.? We now
provide an additional explanation, namely that memory
CD8" T cells can directly enhance the self-renewal and
maintenance of donor HSCs.

In summary, CD8" T cells act as a double-edged sword in
the BM: when activated, CD8* T cells enhance HSC differ-
entiation and inhibit their self-renewal capacity, while in a
non-activated state, memory CD8" T cells support HSC
self-renewal and contribute to their maintenance and/or
recovery. This illustrates that CD8* T cells act as important
mediators in controlling the pool of HSCs in the BM.
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