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Abstract

Background
Multiple Myeloma (MM) is a plasma cell malignancy that develops in the bone marrow. Function of T
lymphocytes is impaired in patients with MM and the bone marrow microenvironment is described as
hostile for T cell activity. Precise suppressive mechanisms within the bone marrow microenvironment
remain poorly de�ned but will impact e�cacy of bispeci�c T cell engager and chimeric antigen receptor
(CAR) T cell therapies.

Methods
In this study T cell phenotype, function and metabolic activity were analysed within paired bone marrow
aspirate and peripheral blood samples from 72 patients across the spectrum of MM, including individuals
with premalignant and asymptomatic disease, alongside age-matched controls. This permitted
assessment of effects of disease stage and the bone marrow microenvironment. The bone marrow
microenvironment was also modelled in vitro using autologous plasma co-culture systems.

Results
Bone marrow CD8+ T cell function decreased with MM development and was consistently lower within
bone marrow samples than matched peripheral blood. These changes were accompanied by decreased
mitochondrial mass, which correlated tightly with T cell function. Conversely, long-chain fatty acid uptake
and peroxidation was markedly elevated in bone marrow CD8+ T cells. In vitro modelling con�rmed
uptake of bone marrow lipids suppresses CD8+ T function, which was impaired in autologous bone
marrow plasma, but rescued by both lipid removal and inhibition of lipid peroxidation. Analysis of single-
cell RNA-sequencing data identi�ed expression of fatty acid transport protein 1 (FATP1) in bone marrow
CD8+ T cells in MM, and FATP1 blockade also rescued CD8+ T cell function. Finally, analysis of samples
from treated patient cohorts identi�ed CD8+ T cell metabolic dysfunction resolves in treatment-responsive
but not relapsed MM patients and is associated with substantial functional restoration.

Conclusions
CD8+ T cells are functionally impaired within the MM bone marrow microenvironment. This is
accompanied by decreased mitochondrial mass but elevated uptake of long-chain fatty acids. Blockade
of FATP1 restores CD8+ T cell function in presence of BM lipids and may therefore represent a novel
therapeutic target to augment their activity in the bone marrow in MM and improve e�cacy of T cell-
directed therapies.
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Background
Despite observations of T cell dysfunction in Multiple Myeloma (MM)(1–9), checkpoint blockade
therapies have not been successful(10, 11), indicating that alternative suppressive mechanisms operate
in the MM bone marrow (BM) microenvironment. Their identi�cation will therefore inform novel
approaches to augment anti-tumour function of endogenous and therapeutic T cells in MM.

Upon antigen recognition, T cells alter their metabolism to support clonal expansion and effector
functions(12, 13). They take up more glucose and amino acids and alter metabolic pathway usage to
support their anabolic effector program. Increased conversion of pyruvate to lactate enables rapid
glycolytic �ux, generating biosynthetic precursors. Mitochondrial biogenesis and elevated glucose and
glutamine oxidation support signalling, transcription and translation through generation of reactive
oxygen species (ROS), TCA cycle intermediates and ATP.

This dependence on augmented metabolism renders T cells susceptible to their microenvironment. Within
solid tumours, nutrient competition limits T cell function(14–16), whilst chronic antigen exposure under
hypoxia drives mitochondrial dysfunction(17, 18). Recently, immune cell lipid uptake from tumour
microenvironments has been linked to loss of function. For example, in models of pancreatic ductal
adenocarcinoma, melanoma and obesity-promoted breast cancer, in�ltrating CD8+ T and NK cells
accumulate long-chain fatty acids, which impair mitochondrial �tness and immune function, and can
induce lipid peroxidation-driven cell death by ferroptosis(19–25). Notably, blocking lipid uptake, targeting
associated transcription factors or restoring normal lipid metabolism improves immune cell function in
these microenvironments.

The capacity of microenvironmental lipids to supress T cells in MM has not been assessed but may be
pertinent given the BM is a lipid rich environment, particularly in disease. Adipocytes are a major BM
component, comprising up to 70% of its volume in older adults(26). Obesity increases this, and both age
and obesity are independent risk factors for MM progression(27). In turn, once MM develops, MM plasma
cells (MMPC) further promote adipogenesis(28) and induce BM adipocyte lipolysis, taking up released
lipids to support their growth and survival(29). Consequently, T cells also encounter an enriched lipid
environment in the MM BM, but the impact on their function is unknown.

In this study, we assessed T cell phenotype, function and metabolic capacity in matched peripheral blood
(PB) and BM samples across the spectrum of MM, including at premalignant stages of disease and
following treatment, to interrogate whether T cell metabolism is altered with MM progression and,
importantly, in the MM BM microenvironment, how this relates to their function and if it can be targeted to
augment T cell activity.

Materials And Methods

Patient cohort, sample collection and cell isolation
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BM aspirates and PB samples were obtained from patients with monoclonal gammopathy of
undetermined signi�cance (MGUS), asymptomatic MM and MM at diagnosis, on relapse and in
remission, recruited from haematology clinics at University Hospitals Birmingham and The Royal
Wolverhampton Hospitals NHS Trusts (Tables S1 and S2). Age-matched controls were recruited from
University Hospitals Birmingham NHS Trust via the Human Biomaterials Resource Centre. Control BM
samples were taken from the femoral head during planned orthopaedic surgery (6/10) or following
trauma (4/10). The study received ethical approval (Refs: 10/H1206/58, 20/NW/0001) and informed
written consent was obtained. Mononuclear cells were isolated by density-gradient centrifugation using
Ficoll-Paque (Cytiva, Cat# 17144003), harvested, washed with phosphate-buffered saline (PBS, Sigma,
Cat# D8537), counted and frozen in freezing medium (10% DMSO, Sigma, Cat# 472301, 90% Foetal Calf
Serum (FCS), Sigma, Cat# F9665). Plasma was frozen at -80°C.

Analysis Of Mononuclear Cells By Flow Cytometry

Mononuclear cells were thawed, washed twice in RPMI (Sigma, Cat# R8758), resuspended at 1x106/ml in
RPMI with 10% FCS and 100U/ml penicillin 0.1mg/ml streptomycin (Sigma, Cat# P4333) (RPMI/FCS), IL-
2 (50IU/ml, Peprotech, Cat# 200-02) then rested at 37°C/5%CO2 for 16 hours. Cells were stained for
viability with e�uor780 (Invitrogen, Cat# 13539140) and �uorophore-conjugated antibodies for cell
surface markers (Table S3), together with 50nM Mitoview Green (MVG, Cambridge Bioscience, Cat#
70054), 1µM Bodipy-C16 (Invitrogen Cat# D3821) or 2.5µM Bodipy 581/591 (Thermo�sher, Cat #D3861)
in RPMI/FCS for 20 minutes at 37°C/5%CO2. Cells were washed twice with PBS/1% FCS and analysed
using a BD LSRFortessa X-20 �ow cytometer. For intracellular cytokine staining, T cells were stimulated
using Immunocult CD3/28 T cell activator (StemCell, Cat# 109910) and Brefeldin A (10µg/ml, Acros
organics, Cat# 297140050) for 4 hours, stained for viability and cell surface markers before
�xation/permeabilization (FoxP3 buffer set, ebioscience Cat# 00-5523-00) and staining with anti-cytokine
�uorophore-conjugated antibodies (Table S3). For CoxIV staining, cells were stimulated with T cell
activator, �xed and permeabilised, stained with anti-CoxIV-AF647 (Abcam Cat# ab197491), blocked with
mouse serum prior to staining for surface markers and cytokines as described. Mitochondrial mass and
lipid-uptake capacity were analysed as mean �uorescence intensity (MFI) for MVG and Bodipy-C16, which
were normalised to the average for each batch of samples analysed concurrently. Lipid peroxidation
capacity was calculated as the ratio of Bodipy 581/591 MFI at 510nm (emission after lipid peroxidation)
over Bodipy 581/591 MFI at 590nm (emission before lipid peroxidation) in the same sample.

Autologous Plasma Experiments

BM mononuclear cells were thawed, washed twice in RPMI and resuspended at 1x106/ml, in 50%
RPMI/FCS and 50% autologous PB or BM plasma. Where indicated BM plasma was stripped of lipids
using CleanAscite (Caltag, Cat# X2555-10) or additions were made: SSO (100uM, Cambridge Biosciences
Cat# 11211), Ferrostatin (1uM, Selleckchem, Cat# S7243), FATP1-IN-2 (1uM, Medchem express, Cat# HY-
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141700) and UDCA (ursodeoxycholic acid; 10uM, Sigma, Cat# PHR1579). T cells were stimulated for 48
hours and analysed for cell-surface marker expression, mitochondrial mass and cytokine expression by
�ow cytometry. Cells stained for cytokines were �rst stimulated for 4 hours with Cell Activation Cocktail
(Biolegend, Cat#423304). Cell culture supernatants from 0.2 x 106 cells were harvested and stored at
-20°C for analysis of cytokine concentration by Enzyme-linked Immunosorbent Assay (ELISA).

ELISA
IFN-γ in supernatants was measured by ELISA using anti-IFN-γ capture (Bio-Rad, Clone AbD00676, Cat#
HCA043) and biotinylated detection (Bio-Rad, Clone 2503 Cat# HCA044P) antibodies, recombinant IFN-γ
standard (Bio-Rad, Cat# PHP050), streptavidin-HRP (Sigma Aldrich, Cat# E2866) and TMB substrate (Bio-
Rad, Cat# BUF062B). TNF-α in supernatants was measured by ELISA, using a TNF ELISA kit (Invitrogen,
CHC1753 and CNB0011) according to the manufacturer’s instructions.

Data Analysis
Flow cytometry data were analysed using FlowJo Version 10 (TreeStar Ltd). Statistical analysis was
undertaken using Graphpad Prism Version 9.3. Statistical tests used are indicated in the �gure legends.

Data Sharing
For original data please contact s.k.dimeloe@bham.ac.uk. RNA-sequencing data were accessed from
GEO GSE186448 and GSE139369.

Results
Bone marrow CD8 + T cell function declines in Multiple Myeloma and is consistently lower than in
matched peripheral blood

Phenotyping of major T cell subsets in BM and PB mononuclear cells from age-matched controls,
individuals with monoclonal gammopathy of undetermined signi�cance (MGUS), asymptomatic MM and
MM at diagnosis identi�ed that BM CD8+ T cell abundance decreased with disease development
(Supplementary Fig. 1A, Fig. 1A), whilst frequencies of BM CD4+ T cells (Fig. 1B), as well as PB CD8+ and
CD4+ T cells remained similar (Supplementary Fig. 1B-C). BM CD56+ NK cell abundance also did not
change with disease development, whilst CD4+CD127−CD25+ regulatory T cells (TReg) were enriched in
MM BM at diagnosis, agreeing with previous literature (Supplementary Fig. 1A,D-E)(5, 7). In PB samples,
NK cells and TReg frequencies were similar at all disease stages (Supplementary Fig. 1D,E). We next
assessed the proportion of T cells within BM and PM samples expressing the key anti-tumour cytokines
interferon-gamma (IFN-γ) and tumour necrosis factor-alpha (TNF-α), as well as interleukin 2 (IL-2) and the
cytotoxic molecule Granzyme B. This identi�ed decreased frequencies of IFN-γ- and IL-2-expressing CD8+

T cells, as well as multifunctional CD8+ T cells expressing all three cytokines, and those expressing
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Granzyme B in the BM with MM development (Fig. 1C). Frequencies of CD4+ T cells expressing these
molecules did not change signi�cantly (Fig. 1D). These observations were speci�c to BM CD8+ T cells,
whilst PB T cell cytokine and granzyme expression also did not change (Supplementary Fig. 1F-G).
Indeed, pairwise comparison of BM and PB samples identi�ed that CD8+ T cells were consistently less
functional within BM samples than matched PB samples. Frequencies of IFN-γ-, TNF-α-, IL-2- and
Granzyme B-expressing CD8+ T cells were lower in BM than PB in all patient groups, including controls,
albeit the disparity increased with disease development for IFN-γ and TNF-α. When all samples were
combined, this difference was highly signi�cant (Fig. 1E, Supplementary Fig. 1H). However, this was not
the case for CD4+ T cells, which demonstrated similar functionality within BM and PB samples, and
increased multifunctional cells in the BM (Fig. 1F, Supplementary Fig. 1I), indicating speci�c CD8+ T cell
suppression within the BM microenvironment. Expression of cytokines was largely restricted to memory
populations of T cells, with EMRA CD8+ T cells being a signi�cant source of IFN-γ, TNF-α and Granzyme
B but not IL-2 (Fig. 1G), and EM CD4+ T cells the major IFN-γ expressers, with contribution of CM cells for
TNF-α (Fig. 1H). However, proportions of these subpopulations were broadly similar between BM and PB
at all disease stages (Figure I-J), meaning altered overall function of CD8+ T cells in BM vs. PB is not
explained by enrichment or loss of functionally-distinct subpopulations, and may rather relate to an effect
of the microenvironment.

CD8 + T cell mitochondrial mass and lipid uptake alter during progression of Multiple Myeloma and in the
bone marrow microenvironment

T cell function is underpinned by metabolic capacity, particularly mitochondrial mass(12, 13). Analysis of
BM T cell mitochondrial mass using the �uorescent probe Mitoview Green (MVG) revealed this decreased
within CD8+ and CD4+ T cells with MM development, and was reduced in MGUS, asymptomatic MM and
MM at diagnosis compared to controls (Fig. 2A-B). Similar to immune effector function however, these
changes were less apparent in matched PB samples (Supplementary Fig. 2A-B). Of note, BM CD8+ T cells
again demonstrated signi�cantly reduced mitochondrial mass compared to paired PB cells (Fig. 2C),
which was not the case for CD4+ T cells (Fig. 2D), indicating a potential link between decreased
mitochondrial mass and reduced functionality of CD8+ T cells in the BM microenvironment. To directly
interrogate the relationship between mitochondrial mass and immune effector function, we stained for
CoxIV, a subunit of ETC complex IV, as a mitochondrial marker, together with cytokines (since MVG
cannot be �xed for intracellular staining) in a subset of samples from controls and MM at diagnosis.
CoxIV expression was higher in cytokine-expressing CD8+ T and CD4+ T cells than cytokine-negative
populations (Fig. 2E, Supplementary Fig. 2D), con�rming a relationship between mitochondrial mass and
effector function. In these assays, TNF-α expression was more tightly linked to CoxIV abundance than
IFN-γ, potentially explained by the well-documented relationship between glycolysis and IFN-γ expression
in CD8+ T cells(30, 31). Further con�rmation that mitochondrial mass is a key determinant of T cell
effector function across this patient cohort was provided by correlative analyses of MVG �uorescence vs.
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frequency of cytokine expressing cells in the BM sample, which identi�ed signi�cant positive
relationships for IFN-γ and TNF-α-expressing CD8+ and CD4+ T cells (Fig. 2F, Supplementary Fig. 2D).

Long-chain fatty acid uptake from tumour microenvironments is increasingly implicated in immune cell
suppression through mechanisms including mitochondrial loss and dysfunction(19, 20) and lipid
peroxidation-induced ferroptosis(23, 32). This may be pertinent in the lipid-rich BM, where decreased
mitochondrial mass of CD8+ T cells was observed, therefore T cell capacity to take up long-chain fatty
acids was assessed using a �uorescent palmitate probe, C16-BODIPY. Uptake of this probe did not change
in BM or PB T cells during disease development (Fig. 2G, Supplementary Fig. 2E-F) however, comparison
of paired BM and PB samples revealed markedly elevated lipid uptake in BM cells, particularly CD8+ T
cells (Fig. 2H-I, Supplementary Fig. 2G). Among CD8+ T cells, C16-BODIPY uptake particularly mapped to
antigen-experienced CM and EM populations and was also signi�cantly higher in cells expressing the
immune checkpoints TIGIT and PD-1 than checkpoint-negative cells (Fig. 2J). Lipid peroxidation within T
cells from MM patients was also assessed using BODIPY 581/591, which �uoresces at different
wavelengths before and after peroxidation. This identi�ed that, in addition to increased lipid uptake
capacity, BM T cells also demonstrate elevated lipid peroxidation than PB T cells (Fig. 2K, Supplementary
Fig. 2H).

CD8+ T cell function is impaired by lipid uptake from the BM
microenvironment via FATP1
Next, we established an in vitro model to interrogate the relationship between long-chain fatty acid uptake
and T cell mitochondrial and immune dysfunction within the BM microenvironment. Speci�cally, we
cultured BM mononuclear cells from control individuals or MM patients in autologous PB or BM plasma,
stimulated T cells and assessed their mitochondrial mass and cytokine production. This established that
BM plasma signi�cantly decreased mitochondrial mass and IFN-γ expression by CD8+ T cells compared
to PB plasma, which occurred in both control and MM samples (Fig. 3A-B). Conversely, CD4+ T cell
mitochondrial mass was not altered in BM plasma, despite reduced IFN-γ expression (Supplementary
Fig. 3A-B). Total secreted IFN-γ was also decreased in BM plasma cultures, as was TNF-α (Fig. 3C-D).
Next, to probe a role for lipids in this suppressive activity of BM plasma, they were depleted from BM
samples and compared with lipid-replete BM samples. Removal of BM lipids increased mitochondrial
mass in control and MM BM CD8+ T cells (Fig. 3E), accompanied by restoration of IFN-γ and TNF-α
expression (Fig. 3F-H). In CD4+ T cells however, mitochondrial mass remained unchanged, whilst IFN-γ
expression was not restored (Supplementary Fig. 3C-D) indicating an alternative, lipid-independent
mechanism of suppression, in line with the cohort data. Taken together, the data indicate that BM CD8+ T
cells substantially take up lipids from the BM environment, leading to loss of mitochondrial mass and
impaired functionality. This occurs in control BM, consistent with decreased functionality of BM vs. PB
CD8+ T cells (Fig. 1), but may compound disease-driven loss of T cell mitochondrial mass (Fig. 2) to
further compromise BM CD8+ T cell function in MM. To probe a role for lipid peroxidation-induced
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damage in this, BM mononuclear cell cultures were treated with ferrostatin. This increased IFN-γ secretion
in BM but not PB plasma (Fig. 3I-K), con�rming BM lipid peroxidation contributes to T cell suppression.

Since BM lipids suppress CD8+ T cell function, effective blockade of relevant transporters may restore
this within the BM environment. The long-chain fatty acid transporter CD36 is implicated in mediating
immune-suppressive and ferroptotic effects of lipids on NK and T cell populations(19, 23). We therefore
assessed its expression in BM samples and found it to be more highly expressed by CD8+ than CD4+ T
cells (Fig. 3L, Supplementary Fig. 3E), consistent with C16-BODIPY uptake data. However, analysis of
cytokine expression revealed CD36-positive cells more highly expressed IFN-γ, TNF-α and IL-2 than CD36-
negative counterparts, indicating activity of this transporter may not suppress BM T cell function
(Fig. 7M, Supplementary Fig. 7F). Consistent with this, CD36 blockade did not increase CD8+ or CD4+ T
cell IFN-γ expression in BM plasma (Fig. 7N, Supplementary Fig. 7G) and indeed decreased overall IFN-γ
secreted (Fig. 7O). Therefore, to identify other relevant transporters expressed by BM CD8+ T cells, we
explored single cell RNA-sequencing analysis of BM mononuclear cells from MM patients. Speci�cally,
we assessed expression of the Fatty Acid Transport Proteins (FATP) 1 to 6 (SLC27A1-6). These mediate
uptake of long-chain fatty acids and convert them into acyl-CoA esters, which retains them within the cell.
This analysis identi�ed that FATP1 and FATP5 are the most highly expressed family members in BM
CD8+ T cells in MM, whilst transcripts for FATP2, 4 and 6 were scarce and for FATP3 undetectable
(Fig. 3P). Analysis of control BM single cell RNA-sequencing dataset with cellular indexing of
transcriptomes and epitopes by sequencing (CITE-Seq) data(33) revealed broadly similar expression
patterns, with FATP1 and FATP5 being more highly expressed than FATP2, 4 or 6 (undetectable in this
dataset) (Supplementary Fig. 3H-I). In contrast, FATP3 was more abundant in control than MM BM, yet
signi�cance of this is unclear, since FATP3 does not have con�rmed lipid uptake activity(34). We
therefore assessed whether blockade of FATP1 or FATP5 could restore function of CD8+ T cells from MM
patients activated in presence of autologous BM or PB plasma. These experiments identi�ed that speci�c
blockade of FATP1, but not FATP5 increased T cell IFN-γ secretion (Fig. 3Q, Supplementary Fig. 3J-K).
This did not occur in PB plasma, indicating a speci�c effect of BM long-chain fatty acids transported via
FATP1 on CD8+ T cells (Fig. 7R-S). Therefore, BM long-chain fatty acids decrease CD8+ T cell
mitochondrial mass and impair their effector function, which can be rescued by blockade of the lipid
transporter FATP1.

Functional and metabolic features of CD8 + T cells are restored in MM patients in remission but not in
relapsed patients

Finally, to understand T cell functional and metabolic phenotypes associated with poor vs. effective
control of MM, we analysed samples from patients who had either relapsed on therapy or were in
remission. In both groups, irrespective of treatment response, CD8+ T cell frequency was increased in BM
and PB compared to MM patients at diagnosis (Fig. 4A, Supplementary Fig. 4A) and decreased CD4+ T
cell frequency was observed (Fig. 4B, Supplementary Fig. 4B). Proportions of naïve, CM, EM and EMRA
CD8+ and CD4+ T cell subsets were also similar between patient groups, in BM and PB (Fig. 4C-D,
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Supplementary Fig. 4C-D), as were those of immune-checkpoint expressing cells (Fig. 4E-F,
Supplementary Fig. 4E-F). However, clear differences between the two groups emerged when
interrogating T cell function and metabolism, particularly within BM CD8+ T cell populations. Proportions
of these cells expressing IFN-γ, TNF-α, IL-2 and Granzyme B were all signi�cantly increased in patients in
remission compared to those who had relapsed (Fig. 4G), as well as CD4+ T cells expressing IL-2
(Fig. 4H). This increased functionality was less pronounced for PB CD8+ T cells (Supplementary Fig. 4G),
albeit increases in PB CD4+ T cell function were observed (Supplementary Fig. 4H). Frequency of IFN-γ-,
TNF-α, IL-2-expressing and multifunctional BM CD8+ T cells inversely correlated with malignant plasma
cell abundance within aspirate samples from MM patients at diagnosis, upon relapse and in remission
(Fig. 4I), supporting a role for BM CD8+ T cells controlling disease progression. This was also true for
TNF-α, IL-2-expressing and multifunctional CD4+ T cells (Supplementary Fig. 4I). Of note, the profound
restoration in BM CD8+ T cell function in patients in remission occurred alongside signi�cantly decreased
long-chain fatty acid uptake and increased mitochondrial mass, such that, in this group, BM and PB CD8+

T cell mitochondrial mass were now comparable (Fig. 6J-K). Whilst drivers of these metabolic and
functional T cell changes cannot easily be determined from these cross-sectional samples from patients
on diverse treatment regimens (Table S2), the data nevertheless highlight that effective MM control
associates with speci�c changes in T cell metabolism, implying strategies to modulate this, such as
FATP1 blockade, could be bene�cial.

Discussion
In this study, analysis of T cell phenotype and function identi�ed decreasing abundance of total and
cytokine-expressing BM CD8+ T cell with disease progression in MM. This agrees with studies reporting
diminished T cell IFN-γ expression in MM(1–3, 35) and indicates additional impairments in IL-2 and
Granzyme B. Loss of T cell function during MM development may be partly explained by the
corresponding loss of mitochondrial mass, which is well-described to critically underpin T cell function. In
agreement, mitochondrial mass correlated with T cell cytokine expression but was decreased in MM
compared to controls, and indeed in earlier disease stages. This was not observed in PB samples,
indicating it is driven by the BM microenvironment, consistent with reports that chronic stimulation under
hypoxia diminishes T cell respiratory capacity through suppression of PGC1-α(18). The BM
microenvironment has low oxygen availability(36), likely further reduced by MMPC expansion. Another
important metabolic determinant of T cell function is capacity to take up and metabolise glucose.
However, assessment of T cell glucose uptake capacity was limited by lack of reliable probes(37),
therefore it remains unclear if this is impacted by MM.

At all stages of disease and in control individuals, BM CD8+ T cells demonstrated reduced functionality
compared to those in matched PB. The MM BM microenvironment is described as hostile for T cell
function(38). Yet, mechanisms underpinning this remain poorly understood. Here, we observed decreased
CD8+ T cell functionality in the BM is coupled with reduced mitochondrial mass and substantially
elevated long-chain fatty acid uptake capacity. Additionally, uptake of lipids from autologous control and
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MM BM plasma suppressed CD8+ T cell mitochondrial mass and cytokine expression, which were
signi�cantly higher in cells cultured in PB plasma or lipid-depleted BM plasma. These �ndings agree with
accumulating studies indicating lipid uptake from tumour microenvironments impairs immune cell
mitochondrial and effector function(19, 20, 23, 32). Additionally, they imply this immune-regulatory
mechanism occurs even in the healthy BM niche, but that it may compound disease-driven T cell
metabolic changes. Notably, CD4+ T cells within patient samples demonstrated lower lipid uptake and
were also unaffected by BM lipids in vitro, despite being suppressed by BM plasma, indicating lipid-
mediated suppression is restricted to CD8+ T cells and alternate mechanisms regulate BM CD4+ T cell
activity.

Assessment of single cell transcriptomic data from MM patients identi�ed BM CD8+ T cell expression of
the long-chain fatty acid transporters FATP1 and FATP5. Additionally, FATP1 blockade restored T cell
function in BM plasma, indicating it could be targeted to augment function of endogenous or therapeutic
T cells in the MM BM. Notably, FATP1 blockade had little effect on T cells cultured in PB plasma, implying
it targets an immunosuppressive axis unique to the BM microenvironment. Indeed, FATP1 substrates are
likely enriched in the BM, an environment abundant in adipocytes(26) where local lipolysis is induced by
malignant MMPC(29). MMPC also use FATP1, alongside FATP4, to acquire adipocyte-derived long-chain
fatty acids, which are oxidised to support growth and treatment resistance(28, 39). Therefore, a FATP1-
targeting strategy could impair malignant cell growth and augment anti-tumour immunity in MM, acting
speci�cally within the BM microenvironmental niche. Further support for an approach to modulate T cell
lipid uptake in MM is provided here by analysis of samples from patients in relapse vs. remission.
Strikingly, whilst T cells in these samples were very similar in terms of abundance, phenotype and
immune-checkpoint expression, the signi�cantly improved function of T cells from patients in remission
was accompanied by restored mitochondrial mass and decreased lipid uptake.

Conclusions
CD8+ T cells are functionally impaired within the MM bone marrow microenvironment. This is
accompanied by decreased mitochondrial mass but elevated uptake of long-chain fatty acids. Blockade
of the long-chain fatty acid transported FATP1 restores CD8+ T cell function in presence of BM lipids and
may therefore represent a novel therapeutic target to augment their activity in the bone marrow in MM
and improve e�cacy of T cell-directed therapies.
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Figure 1

Bone marrow CD8+ T cell function declines in Multiple Myeloma and is consistently lower than in
matched peripheral blood.

(A-B) Proportion of (A) CD8+ and (B) CD4+ T cells within bone marrow (BM) lymphocytes from controls
(n=10), individuals with MGUS (n=13), asymptomatic MM (Asympt. n=11) or MM at diagnosis (Diagnosis
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n=12). (C-D) Proportion of BM lymphocytes from indicated groups expressing (C) CD8 or (D) CD4 and
IFN-γ, TNF-α, IL-2, all three cytokines (Multifunctional) or Granzyme B as indicated, after 4 hours
stimulation via CD3/CD28 in presence of brefeldin A. (E-F) Proportion of (E) CD8+ and (F) CD4+ T cells
within BM or peripheral blood (PB) lymphocytes from indicated groups expressing IFN-γ, TNF-α, or IL-2
after 4 hours stimulation as in (C-D). Proportions within the BM and PB are directly compared for each
group individually and for all patients combined. (G-H) Representative contour plots indicate memory
phenotypes of BM (G) CD8+ and (H) CD4+ T cells expressing indicated cytokine (blue) overlaid onto total
populations (red). (I-J) Proportions of NV, CM, EM and EMRA BM and PB CD8+ and CD4+ T cells are
summarised at indicated disease stages. Signi�cance was calculated using (A, C) one-way or (E) two-way
ANOVA and Holm–Sidak multiple comparison tests or (E) t test between overall paired samples; *p<0.05
**p<0.01, ***p<0.0001, ****p<0.00001.

Figure 2

CD8+ T cell mitochondrial mass and long-chain fatty acid uptake alter during progression of Multiple
Myeloma and in the bone marrow microenvironment.

(A-B) Mitochondrial mass of (A) CD8+ and (B) CD4+ T cells within BM mononuclear cells from controls
(n=10), individuals with MGUS (n=13), asymptomatic MM (Asympt. n=11) or MM at diagnosis (Diagnosis
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n=12) was assessed by �ow cytometry using Mitoview Green (MVG) and is expressed relative to the
mean of each experiment. (C-D) Mitochondrial mass of BM and PB CD8+ and CD4+ T cells is directly
compared for each group and for all patient samples combined. (E) CoxIV MFI of CD8+ T cells positive or
negative for IFN-γ or TNF-α as indicated from control (n=4) or MM at diagnosis (n=4) samples. (F)
Correlation of mitochondrial mass (MVG �uorescence) with frequency of BM CD8+ T cells positive (+) for
the indicated cytokines for all patient samples combined. (G) C16-BODIPY uptake of BM CD8+ T cells
within indicated groups expressed relative to the mean of each experiment. (H) C16-BODIPY uptake of BM

and PB CD8+ T cells is directly compared for each group and for all patient samples combined. (I) C16-

BODIPY uptake of BM and PB CD8+ and CD4+ T cells directly compared for all patients combined. (J)
C16-BODIPY uptake of (J) naïve (NV), central memory (CM) effector memory (EM) and EMRA BM CD8+ T
cell subsets and subsets expressing TIGIT and/or PD-1 as indicated from samples with MM at diagnosis
(n=12). (K) Lipid peroxidation capacity of CD8+ T cells within BM and PB mononuclear cells from MM
patients at diagnosis (n=4), assessed using the lipid peroxidation probe Bodipy 581/591. Signi�cance
was calculated using (A, I-J) one-way ANOVA and Holm–Sidak multiple comparison tests, (C,H,K) paired t
test, (F) Pearson correlation ; *p<0.05, **p < 0.01, ***p < 0.0001, ****p < 0.00001.
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Figure 3

CD8+ T cell function is impaired by long-chain fatty acid uptake from the bone marrow microenvironment
via FATP1

(A-D) BM mononuclear cells from controls (n=6) or relapsed MM patients (n=6) were cultured in
autologous PB or BM plasma as indicated for 72 hours with stimulation via CD3/CD28. (A) CD8+ T cell
mitochondrial mass was assessed by �ow cytometry using Mitoview Green and is shown for each group
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(left) and both combined (right). (B) At 72 hours T cells were activated with PMA/ionomycin and
expression of IFN-γ was assessed within CD8+ T cells by �ow cytometry. (C-D) IFN-γ and TNF-α in cell
culture supernatants was measured by ELISA. (E-H) BM mononuclear cells were cultured and assessed
as in (A-D) but in either complete or lipid-depleted BM autologous plasma as indicated. (I-K) BM
mononuclear cells from MM patients at diagnosis (n=6) were cultured in autologous PB (I,K) or BM (J,K)
plasma as in (A-D), in absence or presence of Ferrostatin and assessed for IFN-γ expression by ELISA. (L)
Proportion of CD8+ T cells expressing CD36 within indicated BM mononuclear cell samples from controls
(n=10), individuals with MGUS (n=8), asymptomatic MM (Asympt. n=9) or MM at diagnosis (Diagnosis
n=7) were assessed by �ow cytometry. (M) Expression of IFN-γ, TNF-α and IL-2 by CD36 positive and
negative CD8+ T cells within indicated BM mononuclear cell samples as in (L) (N-O) BM mononuclear
cells from MM patients at diagnosis (n=7) were cultured in autologous BM plasma as in (A-D), in absence
or presence of the CD36 inhibitor, SSO and assessed for IFN-γ expression within CD8+ T cells by �ow
cytometry (N) or by ELISA (O). (P) sc-RNA-seq UMAP projections of BM mononuclear cells from MM
patients at diagnosis, with cell type annotation (top left) and transcript abundance of indicated genes
overlaid. (Q-S) BM mononuclear cells from MM patients at diagnosis (n=7) were cultured in autologous
PB (Q,S) or BM (R,S) plasma as in (A-D), in absence or presence of the FATP1 inhibitor FATP1in2 and
assessed for IFN-γ expression by ELISA. Signi�cance was calculated using (A-H) Mann-Whitney or (K,S)
paired t test; *p<0.05, **p < 0.01, ***p < 0.0001.

Figure 4

Functional and metabolic features of CD8+ T cells are restored in Multiple Myeloma patients in remission
but not in relapsed patients
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(A-B) Proportion of (A) CD8+ and (B) CD4+ T cells within bone marrow (BM) mononuclear cells from
relapsed MM patients (n=14) and MM patients in remission (n=12). (C-D) Proportions of NV, CM, EM and
EMRA (C) CD8+ and (D) CD4+ T cells in indicated BM samples. (E-F) Percentage of PD-1-TIGIT-, PD-
1+TIGIT-, PD-1-TIGIT+ and PD-1+TIGIT+ (E) CD8+ and (F) CD4+ T cells in BM mononuclear cells from
indicated samples. (G-H) Proportion of (G) CD8+ and (H) CD4+ T cells within BM mononuclear cells from
each group expressing IFN-γ, TNF-α, IL-2, all three of these cytokines (Multifunctional) or Granzyme B
after 4 hours of stimulation via CD3/CD28 brefeldin A. (I) Correlation of percentage of malignant plasma
cells within the BM sample with frequency of cells positive (+) for the indicated cytokines for samples
combined for patients with MM at diagnosis (n=12), relapsed MM patients (n=14) and MM patients in
remission (n=12). (J) C16-BODIPY uptake and (K) mitochondrial mass of BM and PB CD8+ T cells within
each group as indicated. The red line indicates the mean value in MM patients at diagnosis. Signi�cance
was calculated using (G-H, J-K) unpaired t test (J) two-way ANOVA and Holm–Sidak multiple comparison
tests and (I) Pearson correlation; *p<0.05, **p < 0.01.
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