LETTERS TO THE EDITOR

Expression of programmed death-1 on lymphocytes
in myeloma patients is lowered during lenalidomide
maintenance

Recent approval by the European Medicines Agency
has opened doors for the use of lenalidomide (Len;
Celgene Corp., Summit, NJ, USA) as a maintenance treat-
ment (LenMT) for multiple myeloma (MM) after autolo-
gous hematopoietic stem cell transplantation (HSCT) in
Europe. Large studies demonstrate increased progression-
free survival,'” however, most patients eventually relapse
and require further therapy. For second-line treatment,
clearly defined algorithms are the subject of ongoing
debate. In the setting of gradual asymptomatic serologic
progression, the addition of one of the recently approved
monoclonal antibodies (mAbs) while continuing LenMT
is an intriguing strategy to harness the immune system
against myeloma cells in particular.’ Similarly, the combi-
nation of Len and bispecific T-cell engaging antibodies
(BiTEs) or chimeric antigen receptor (CAR)-modified T
cells may increase the efficacy of anti-myeloma therapy.
Although conceptually attractive, these approaches have
not been validated in clinical studies. Therefore, we and
others have argued that more detailed i vivo information
about Len-mediated modulation of lymphocytes could
shed light on the rationale underlying targeted
immunotherapy on a platform of ongoing LenMT.

Consequently, we set out to characterize the composi-
tion of peripheral blood lymphocyte subsets and their
surface expression of programmed death-1 (PD1, CD279)
in myeloma patients. We used flow cytometry to evalu-
ate cells from patients during LenMT (n=20; Ounline
Supplementary Figure S1A) and compared them with indi-
viduals evaluated at the time of primary diagnosis (Dx;
n=15; Online Supplementary Figure S1B), in sustained com-
plete remission (CR; n=18), and at the time of relapse
(PD; n=12). A control group, which was matched in
terms of disease burden to a subgroup of LenMT patients
(n=6), and a reference group of healthy donors (n=7)
were also included (Omnline Supplementary Figure S2).
LenMT patients were treated within the framework of
our DSMM XII-XIV studies (clinicaltrials.gov identifiers:
00925821, 01090089, and 01685814)* and received Len
(10mg once daily [QD]) continuously; the dose was
reduced to 5mg QD in 11 patients. No corticosteroids
were administered. The clinical characteristics of all
patient cohorts are shown in Table 1.

Table 1. Clinical characteristics of the study patients.

A major anti-myeloma effect of Len in vitro results from
propagation and stimulation of natural killer (NK)° and T
cells,® alongside T-helper 1 (Th1) polarization.” However,
LenMT is also associated with lymphopenia,' impaired
thymic reconstitution,” and immunosuppressive
changes.’ Herein, we found that LenMT-related lym-
phopenia was due, in large part, to reduced CD4* T-cell
counts (Figure 1A,B), whereby all patients with a previ-
ous history of anti-myeloma treatment showed loss of
CD4" T cells with a naive phenotype (CD45RA"CD62L;
P<0.003, Figure 1C). In addition to age-related changes,
this might reflect delayed T-cell output from the thymus
following lymphodepletion.” Moreover, patients under-
going LenMT had lower numbers of terminally differen-
tiated CD4" effector memory (EMRA; CD45RA*CD62L")
T cells (P<0.049) than patients at Dx or in CR, possibly
due to high consumption of mature, and insufficient
reproduction of immature T cells. Importantly, CD8"
T-cell counts were not altered significantly during LenMT
(Figure 1A). Although LenMT was associated with low
absolute CD8*CD45RA" cell numbers (Figure 1C), the dif-
ferences between this group and the other patient
cohorts was not statistically significant for naive or
EMRA CD8* T cells (P>0.05). Thus, LenMT-associated
lymphopenia coincided primarily with impaired reconsti-
tution and/or increased consumption of the
CD45RA*CD4* T-cell subset.

Consistent with previous data,” the percentage of NK
cells in the peripheral blood was highest during LenMT
(Figure 1B). The lowest absolute NK-cell counts were
found in patients in PD (Figure 1A). Antibody-dependent
cellular cytotoxicity (ADCC), a central anti-myeloma
mechanism mediated by mAbs, relies on the effector
function of NK cells. Accordingly, the efficacy of such
mADbs in patients with PD and a significant disease load
might be compromised; however, LenMT propagates NK
cells, which are a prerequisite for the induction of ADCC
against myeloma cells.

Furthermore, we found it noteworthy that B-cell
counts in patients with active disease (Dx or PD) were
below the normal range, and were even lower during
LenMT (Figure 1A). However, patients in CR not receiv-
ing concurrent immunomodulatory treatment showed
completely reconstituted B-cell counts, with an approxi-
mate 4-fold increase compared with the LenMT group.
This indicates that Len has an inhibitory effect on the
recovery of B cells in the peripheral blood after high-dose
chemotherapy and autologous HSCT.

Dx CR LenMT PD Control group*
Number of patients 15 18 20 12 6
Age (years), median [range] 66 [54-81] 64,5 [48-77] 64 [42-78] 63 [42-75] 57 [44-89]
Durie & Salmon Il at Dx (%) 53.3 7738 70.0 91.7 100.0
High-risk cytogenetics (%)** 40.0 218 45.0 58.3 66.7
Months from last HD/autoHSCT, median [range] NA 38 [1-102] 14 [4-41] 25 [5-83] 16 [1-29]
Months from last anti-myeloma treatment, median [range] NA 25 [0-102] 0 [0-0]*** 2 [0-45] 3 [0-28]
Bone marrow infiltration at time 40 [15-90] 0[0-0] CR: 0 [0-0] (14 pts) 90 [10-99] 13 [5-90]

of analysis (%), median [range]

not CR: 13 [5-90] (6 pts)

*Adjusted for disease burden. * *High-risk cytogenetics judged by adverse fluorescence in situ hybridization (FISH) refers to adverse immunoglobulin heavy chain (IgH)
translocations (t[4;14],t[14;16],or t[14;20]),17p13 del,and/or 1q21 gain. ***Lenalidomide maintenance for a median of 12.4 (1.3-41.4) months. Dx: primary diagnosis; PD:
progressive disease; CR: complete remission; LenMT: lenalidomide maintenance therapy; HD/autoHSCT: high-dose chemotherapy / autologous hematopoietic stem cell
transplantation; NA: not applicable.
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To investigate the lymphocyte composition in the bone
marrow niche, we next analyzed lymphocyte subsets in
15 myeloma patients for whom corresponding bone mar-
row and peripheral blood samples were available.
Increased numbers of CD38*CD138* plasma cells were
detected in all samples, indicating active disease and
high-quality bone marrow aspiration. In conjunction
with an increase in CD19" cells (suggestive of B-cell/plas-
mablast homing to the bone marrow niche), the propor-
tion of CD4" T cells in the bone marrow was lower than
that in peripheral blood (Figure 1D). The percentages of
all other lymphocyte subsets, especially CD8* T and NK
cells, were similar in peripheral blood and bone marrow

aspirates.

As a correlate of functional status, we next assessed
PD1 expression on each of the lymphocyte subsets. The
immune checkpoint PD1 is a prototypical marker of T-
cell activation, exhaustion or senescence."” PD1 expres-
sion is upregulated on T cells from myeloma patients, but
decreases after autologous HSCT." As opposed to other
inhibitory receptors such as CTLA-4, TIM-3, and LAG-3,
increased PD1 levels post-HSCT are associated with early
relapse.” Len reduces PD1 expression on lymphocytes in
vitro," however, this has not yet been confirmed in
vivo."*'* We found the highest expression of surface PD1
in lymphocytes from patients with active disease (Dx,
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Figure 1. Lenalidomide maintenance therapy is associated with numerically intact killer ymphocyte subsets in the peripheral blood (A-C) and bone marrow
(D) of myeloma patients. (A-C) Peripheral blood (PB) lymphocyte subsets were evaluated by flow cytometry. (A) Absolute counts in myeloma patients standard-
ized to the mean absolute counts in healthy donors (HD). (B) Proportional counts are shown. Mean values and standard errors of the mean are shown for
patients at the time of primary diagnosis (Dx; n=15; black), patients in complete remission (CR; n=18; light gray), patients during lenalidomide maintenance
therapy (LenMT; n=20; dashed), and at the time of progressive disease (PD; n=12; dark gray). Significant differences (*P<0.05, **P<0.01, ***P<0.001)
between clinical subgroups were investigated using the Mann-Whitney U (MWW) test. Reference values from HDs were taken from the literature (Online
Supplementary References*?). (C) Proportion of naive (CD45RA*CD45R0O CD62L"; black), central memory (CM; CD45R0O*CD62L"; dark gray), effector memory
(EM; CD45R0O*CD62L"; medium gray), and terminally differentiated effector memory (EMRA; CD45RA'CD62L:; light gray) subsets are indicted for PB CD4*and
CD8" T cells. (D) Lymphocyte subsets in corresponding bone marrow (BM) and PB samples (n=15) were evaluated by flow cytometry. Proportions of BM com-

pared with PB lymphocytes are shown. MM pat: myeloma patient.
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PD), whereas optimal disease control (CR) almost nor-
malized PD1 levels (Figure 2A). This observation held
true for all CD4* and CD8* T-cell subsets, with PD1
expression levels being lowest on naive T cells and high-
est on effector memory T cells (Figure 2B). Similar to the
CR group, but in contrast to the cohorts with active dis-

ease, patients undergoing LenMT demonstrated signifi-
cantly reduced expression of PD1. This effect was most
pronounced for CD8*T cells (Figure 2A).

We next performed subgroup analyses of the LenMT
cohort and compared patients in CR (LenMT/in CR;
n=14) to patients with measurable disease (LenMT/not in
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Figure 2. High expression of programmed death-1 on lymphocytes occurs in active myeloma and can be reversed by lenalidomide maintenance therapy. (A-
D) Differential mean fluorescence intensity (dMFI) of programmed death-1 (PD1) expression on peripheral blood (PB) lymphocyte subsets was evaluated by flow
cytometry. (A) Mean values and standard errors of the mean are shown for patients at the time of diagnosis (Dx; black), complete remission (CR; light gray),
during lenalidomide maintenance therapy (LenMT,; dashed), and at the time of progressive disease (PD; dark gray). Significant differences (*P<0.05, **P<0.01)
between clinical subgroups were investigated using the Mann-Whitney U (MWW) test. Mean values for healthy donors (n=7) are indicated by the dashed line.
(B) Mean values for naive, central memory (CM), effector memory (EM), and terminally differentiated effector memory (EMRA) CD4* and CD8" T cells are depict-
ed for the indicated clinical cohorts. (C) Mean values and standard errors of the mean are shown for patients in CR undergoing LenMT (LenMT/in CR; n=14;
dashed, light gray), patients with a measurable disease load during LenMT (LenMT/not in CR; n=6; dashed, black), and patients with matched measurable dis-
ease burden in the absence of Len (control group; n=6; dark gray). Disease burden (according to bone marrow (BM) infiltration) was quantified by immunohis-
tochemistry (median 13% [range: 5-90]) and remission status (according to the the International Myeloma Working Group criteria [very good partial response:
n=3; partial response: n=2; progressive disease [PD]: n=1]). Significant differences (*P<0.05) between subgroups were investigated using the MWW test. (D)
dMFI of PD1 expression on CD8* T cells from six myeloma patients at two different time points before (pre) and during, or during and after (post), exposure to
Len are illustrated. (E) dMFI of PD1 expression was evaluated on lymphocyte subsets in corresponding PB and BM samples by flow cytometry. Median values
and standard errors of the mean are shown. Statistical differences in dMFI between PB or BM lymphocyte subsets were assessed using a paired samples
Student’s t-test (P>0.05).
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CR; n=6). We found no significant differences in PD1
expression (Figure 2C). Thus, we hypothesized that Len
counteracts the increase in PD1 expression by lympho-
cytes that occur in the presence of myeloma cells.
Therefore, we analyzed a control group of myeloma
patients not exposed to Len or other immunomodulatory
drugs (n=6). For this control group, patients were drawn
from our database and matched to those patients who
were not in CR during LenMT. The matching criteria
included serological remission status (according to the
International Myeloma Working Group consensus) and
degree of plasma cell infiltration of the bone marrow
(evaluable by immunohistochemistry) (Table 1; Omnline
Supplementary Figure S1B). We observed a trend towards
reduced PD1 expression on T and B cells from the patient
cohort during LenMT, with significant reduction for
CD8* T cells (P<0.05, Figure 2C). Hence, to the best of
our knowledge, this is the first study to demonstrate in
vivo that continuous administration of Len inhibits
myeloma-associated increases in PD1 expression by
CD8" T cells, thereby counteracting the development of
an exhausted/senescent T-cell phenotype.

Next, we analyzed replicate patient samples obtained
prior to, during, and after LenMT. Albeit individual
checkpoint expression levels on CD8" T cells were highly
variable, the lowest PD1 levels for all (n=6) patients were
observed during LenMT (Figure 2D). Of note, we found
a mild reduction in PD1 expression in one patient who
had already achieved CR following high-dose chemother-
apy and autologous HSCT before starting LenMT.
Moreover, we observed a marked increase in PD1 expres-
sion in another patient after cessation of LenMT (at the
patient’s request), notwithstanding an ongoing remis-
sion. Therefore, sequential sampling confirmed the
capacity of Len to thwart myeloma-induced PD1 eleva-
tion on CD8" T cells.

In order to relate our observations to conditions in the
myeloma bone marrow niche, we compared PD1 levels
on lymphocyte subsets in bone marrow and peripheral
blood samples obtained concurrently (when available)
(Figure 2E, n=15). Given that no significant differences
were apparent, our data are analogous to those obtained
for peripheral blood lymphocytes, making the counterac-
tion of PD1 upregulation on lymphocytes a potential fur-
ther piece in the jigsaw representing the mode of action
of Len. Nevertheless, PD1 levels remained above the nor-
mal range in all patients with measurable disease, making
combination treatment with checkpoint inhibitors con-
ceptually attractive."

In summary, in-depth profiling of the lymphocyte com-
partment in myeloma patients undetlines the potential
utility of Len as a combination partner for targeted
immunotherapy beyond its direct anti-myeloma efficacy.
First, our parallel comparison suggests that low NK cell
counts at the advanced stage of disease can be increased
by Len, providing elevated numbers of effector cells for
mAbs like elotuzumab and daratumumab to induce
ADCC. Second, we are the first to present in vivo data
showing that Len preserves CD8* T-cell numbers and
reduces expression of the exhaustion/senescence marker
PD1, enabling synergistic effects alongside checkpoint
inhibitors. Most importantly, these data provide a strong
rationale for the combined use of Len and novel thera-
pies, which rely on a functional T-cell compartment, such
as BiTEs and CAR-modified T cells.
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