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by Lymphodepleting Chemotherapy Limits
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Adoptive T cell therapy (ACT) in combination with lymphode-
pleting chemotherapy is an effective strategy to induce the
eradication of tumors, providing long-term regression in can-
cer patients. Despite that lymphodepleting regimens condition
the host for optimal engraftment and expansion of adoptively
transferred T cells, lymphodepletion concomitantly promotes
immunosuppression during the course of endogenous immune
recovery. In this study, we have identified that lymphodepleting
chemotherapy initiates the mobilization of hematopoietic pro-
genitor cells that differentiate to immunosuppressive myeloid
cells, leading to a dramatic increase of peripheral myeloid-
derived suppressor cells (MDSCs). In melanoma and lung can-
cer patients, MDSCs rapidly expanded in the periphery within
1 week after completion of a lymphodepleting regimen and
infusion of autologous tumor-infiltrating lymphocytes (TILs).
This expansion was associated with disease progression, poor
survival, and reduced TIL persistence in melanoma patients.
We demonstrated that the interleukin 6 (IL-6)-driven differen-
tiation of mobilized hematopoietic progenitor cells promoted
the survival and immunosuppressive capacity of post-lympho-
depletion MDSCs. Furthermore, the genetic abrogation or
therapeutic inhibition of IL-6 in mouse models enhanced
host survival and reduced tumor growth in mice that received
ACT. Thus, the expansion of MDSCs in response to lymphode-
pleting chemotherapy may contribute to ACT failure, and tar-
geting myeloid-mediated immunosuppression may support
anti-tumor immune responses.
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INTRODUCTION
The success of adoptive T cell therapy (ACT) using tumor-infiltrating
lymphocytes (TILs), chimeric antigen receptor (CAR)-T cells, or
T cells modified to express a transgenic T cell receptor (TCR) is
strongly dependent on pre-conditioning patients with lymphodeplet-
ing chemotherapy prior to infusion.1,2 Lymphodepleting regimens
eliminate endogenous lymphocytes that compete for homeostatic cy-
tokines, including interleukin 2 (IL-2), IL-7, and IL-15, which are
required for the persistence and function of infused T cells.3,4 Patients
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who undergo cyclophosphamide-fludarabine lymphodepleting regi-
mens concurrent with ACT exhibit increased overall survival and
enhanced persistence of infused T cells.2,5,6 While lymphodepleting
regimens are required to maximize clinical benefit, most melanoma
patients fail to exhibit complete and durable responses to ACT with
TILs.7,8 Hence, an understanding of immunosuppressive mecha-
nisms and other modalities of therapeutic failure need to be estab-
lished in ACT settings to maximize clinical responses.

Our group and others have reported that lymphodepletion by total
body irradiation or non-myeloablative chemotherapy initiates the
rapid expansion of highly immunosuppressive myeloid-derived sup-
pressor cells (MDSCs).9,10 MDSCs are a heterogeneous population of
immature myeloid cells, including polymorphonuclear MDSCs
(PMN-MDSCs) and monocytic MDSCs (M-MDSCs), that expand
under altered physiologic states associated with infectious diseases
and malignancy, but also function in the settings of pregnancy, trans-
plantation, obesity, and aging.11 Despite the phenotypic resemblance
to normal physiologic neutrophils and monocytes, PMN-MDSCs and
M-MDSCs potently suppress T cells, promote metastatic progression,
and stimulate angiogenesis, which are ultimately associated with dis-
ease progression and poor survival in cancer patients.12–15 Neverthe-
less, the mechanisms dictating the function and accumulation of
MDSCs during immune recovery after lymphodepleting chemo-
therapy are not well known. Moreover, the consequences of MDSC
expansion in human cancer patients receiving ACT have been largely
unexplored.

In addition to its use for lymphodepleting regimens in patients
receiving ACT and its use as a tumor-cytotoxic agent, cyclophospha-
mide has long been used to mobilize hematopoietic stem and progen-
itor cells (HSPCs) for autologous hematopoietic stem cell
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transplantation (HSCT).16 Subsequently, an increased frequency of
granulocytes occurs shortly after mobilization treatment regi-
mens.17,18 This process has been described as “reactive” or “emer-
gency” granulopoiesis and myelopoiesis, which is characterized by
the rapid egress of bone marrow (BM)-resident neutrophils and
monocytes to the periphery coinciding with the mobilization of
HSPCs.19 However, emergency myelopoiesis is widely described in
non-malignant settings in response to pathologic microbial stimuli,
and the immunosuppressive capacity of myeloid cells that accumulate
during this immunologic state has not been evaluated.20–23 In ACT
settings, combinatorial approaches with HSCT have been successfully
used to treat patients with hematologic malignancies.24,25 In contrast,
the benefit of combining ACT with HSCT in solid tumors settings,
such as melanoma, remains unclear.26 Consequently, the specific
mechanisms regulating the differentiation of immune cells from
HSPCs and their ensuing impact on anti-tumor immune functions
during the course of ACT for the treatment of cancer remain
unknown.

In this study, we aimed to determine how lymphodepletion directly
regulates the accumulation of MDSCs. We sought to identify strate-
gies to overcome this detrimental immunosuppressive effect for the
purpose of promoting anti-tumor responses evoked by adoptively
transferred T cells. Herein, we describe that lymphodepleting
chemotherapy leads to the expansion of hematopoietic progenitor
cells that exhibit a myeloid-differentiation bias, leading to the rapid
accumulation of MDSCs. Furthermore, we show that IL-6 acts as a
critical differentiation factor during lymphodepletion recovery,
which improves cell survival and imparts resistance to Fas-induced
cell death.

RESULTS
The Accumulation of Myeloid Cells Reduces the Therapeutic

Efficacy of ACT with TILs

We examined myeloid cell recovery in melanoma patients after treat-
ment with a lymphodepleting regimen and infusion of autologous
TILs. As expected, patient peripheral blood mononuclear cell
(PBMC) counts reached their nadir (day 0) upon completion of a
cyclophosphamide-fludarabine (Cy/Flu) lymphodepleting chemo-
therapy regimen, which rebounded after infusion with autologous
TILs (Figure 1A). Despite the rebound of total PBMC counts, the pro-
portionality of myeloid cells significantly increased in comparison to
their respective pre-treatment frequencies (Figures 1B–1D; Figure S1).
We found that nearly all patients exhibited increases in CD11b+

myeloid cells and subsets, CD11b+histocompatibility leukocyte anti-
gen (HLA)-DR�/lowCD14� cells and CD11b+HLA-DR�/lowCD14+

cells (M-MDSCs), 1 week after TIL infusion (Figures 1B–1D). Similar
trends were observed when we examined whole cell numbers in
PBMCs (Figure S2). We confirmed that these myeloid cell popula-
tions suppressed T cell proliferation (Figure 1E). Additionally, M-
MDSCs isolated from week 1 post-TIL infusion PBMCs suppressed
autologous TIL proliferation in response to aCD3/aCD28 stimula-
tion and autologous tumor stimulation (Figures 1F and 1G). We
confirmed that PMN-MDSCs (CD11b+CD15+LOX-1+ cells) were
elevated in two melanoma patients at week 1 post-TIL infusion (Fig-
ures 1H and 1I; Figure S2).15 PMN-MDSCs and M-MDSCs purified
from week 1 PBMCs suppressed autologous TIL production of inter-
feron g (IFN-g) (Figure 1I). Furthermore, we confirmed that MDSCs
collected at pre-treatment or at week 2 post-TIL infusion potently
suppressed donor T cell and TIL proliferation (Figure S3). We
confirmed these findings by detecting increases of PMN-MDSCs after
lymphodepletion and TIL infusion in two non-small-cell lung cancer
(NSCLC) patients (Figure S4).

Because MDSCs were significantly elevated immediately after TIL
infusion, we hypothesized that the abundance of MDSCs would be
associated with clinical responses. Retrospective analysis revealed
that higher frequencies of CD11b+ myeloid cells (greater than the me-
dian of 41%) detected at week 1 post-TIL infusion were associated
with worse progression-free survival (PFS) and overall survival
(OS) (Figure 2A; Figure S5). We identified similar survival trends
when we examined survival associations with myeloid cell subsets
(CD11b+HLA-DR�/lowCD14� cells and M-MDSCs) (Figures 2B
and 2C). Additionally, an increased ratio of the number of CD11b+

cells relative to CD8+ T cells detected at week 1 post-TIL infusion
was associated with poor survival (Figure 2D; Figures S5D and
S5E). We identified that the number of TILs infused in each mela-
noma patient did not correlate with the frequency of CD11b+ cells,
suggesting that the magnitude of myeloid cell accumulation after lym-
phodepletion is independent of TIL infusion (Figure 2E). Likewise,
the frequency of CD11b+ cells in patients prior to receiving lympho-
depletion and ACTwith TILs did not have an impact on PFS, suggest-
ing that the pre-infusion myeloid cell abundance did not predispose
patients to worse outcomes (Figure 2F). Because therapeutic re-
sponses to treatment with ACT with TILs are associated with the
persistence of infused T cells,27,28 we used TCRb sequencing to iden-
tify persistent TIL clones after infusion. Strikingly, the frequency of
infused TILs at week 6 was inversely correlated with the frequency
of CD11b+ cells at week 1 post-TIL infusion (Figure 2G). Next, we
examined the persistence of the top 50 TIL clones from the time of
infusion to 6 weeks post-infusion (Figures 2H and 2I). Overall, the
proportion of the top 50 TIL clones among the total T cell pool varied
greatly among patients (15.6%–96%). Moreover, the sum frequency
of the top 50 clones was reduced in nearly all patients by week 6,
which was likely due to a dilution caused by the reconstitution of
T cell clones that were not present within the infusion product (i.e.,
endogenous T cell clones) (Figure S6). Intriguingly, the persistence
of the top 50 TIL clones was negatively associated with the frequency
of CD11b+ cells at week 1 post-TIL infusion. Specifically, patients who
had a frequency of myeloid cells above the median (>41% CD11b+) at
week 1 post-TIL infusion (CD11bhigh) exhibited a greater reduction in
the frequency of the top 50 TIL clones compared to patients who had
<41% CD11b+ myeloid cells at week 1 post-TIL infusion (CD11blow)
(Figure 2I). We next divided the patients from Figure 2G into two
groups to interrogate survival analysis based on both the frequency
of TILs at week 6 post-infusion and the matched frequency of
CD11b+ cells at week 1 post-infusion. The median sum of TIL fre-
quency was 0.66 among patients (>0.66, TILhigh; <0.66, TILlow). We
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Figure 1. Immunosuppressive Myeloid Cells Expand during ACT with TILs in Human Cancer Patients

(A) Reduction and recovery of the number of PBMCs in response to lymphodepletion andTIL infusion inmelanomapatients (n =10). (B–D) The frequency of (B)CD11b+myeloid

cells, and subsets (C) CD11b+HLA-DR-/lowCD14- cells, and (D) CD11b+HLA-DR-/lowCD14+ cells were determined by flow cytometry prior to and after treatment with lym-

phodepleting chemotherapy and TIL infusion inmelanoma patients (n = 21). (E) Suppression of donor T cell proliferation in co-cultureswith indicated cell subsets isolated from

patient PBMCs. (F andG) Suppression of TIL proliferation in co-cultures with autologousM-MDSCswith CD3/CD28 stimulation (F) or cultureswith autologous tumor cells (G).

(H) Frequency of PMN-MDSCs determined at day�14 and day 7 post-TILs. (I) Suppression of autologous TIL IFN-g production by the patient’s CD14+ cells andPMN-MDSCs

collected fromweek1post-TIL PBMCs. In (B)–(D), p valueswere determinedby apaired two-tailed t test. In (E)–(I), p valueswere determined byone-wayANOVAor a two-tailed

t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. In (E)–(I), individual data points represent technical replicates. Error bars represent standard error of mean (SEM).
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determined that the combined metrics encompassing both TIL fre-
quency and CD11b+ cell frequency revealed that PFS and OS was
poor in patientswhoexhibited lowTILpersistence and a high frequency
of CD11b+ cells (TILlowCD11bhigh) in comparison to patients who ex-
hibited high TIL persistence and a low frequency of CD11b+ cells (TIL-
highCD11blow) (Figures 2J and 2K). Collectively, these data demonstrate
that the accumulation of immunosuppressive myeloid cells during
treatment limits the efficacy of ACT with TILs, potentially by reducing
the persistence of adoptively transferred tumor-specific T cells.

MDSCs Rapidly Expand after Treatment with Lymphodepleting

Chemotherapy in Mice

The use of Cy/Flu-based regimens are widely applied clinically to
induce lymphodepletion for ACT.7,29 To examine endogenous im-
mune cell reconstitution, we treated tumor-bearing mice with lym-
2254 Molecular Therapy Vol. 28 No 10 October 2020
phodepleting doses of Cy/Flu and examined the frequency of im-
mune cells in the spleen and BM at multiple time points. At early
time points, the cellularity of spleens and BM remained well below
baseline, while at 7 days post-lymphodepletion, total cell numbers
were similar to non-treated (NT) mice (Figures 3A–3C). However,
the frequency of myeloid cells was dramatically increased in the
spleens and BM of lymphodepleted (LD) mice (Figures 3D–3F).
As expected, the number of T cells remained significantly depleted
at day 7 post-lymphodepletion, while CD11b+Ly6ChighLy6G� M-
MDSCs and CD11b+Ly6C+Ly6G+ PMN-MDSCs were present at
4- to 5-fold higher levels than in untreated mice (Figures 3F–3I).
A similar trend was exhibited in the BM (Figures 3J and 3K).
Furthermore, sorted Gr-1+ cells from the spleens of NT and LD
mice suppressed T cell proliferation and IFN-g production (Figures
3L and 3M). We validated these results in mice bearing Panc02
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Figure 2. Myeloid Cell Expansion after Lymphodepletion Is Associated with Poor Patient Outcomes

(A–C) Kaplan-Meier curves of PFS in melanoma patients who received ACT with TILs in relation to the frequency of (A) CD11b+ cells, (B) CD11b+HLA-DR-/lowCD14-, and (C)

M-MDSCs in week 1 post-TIL PBMCs. (D) Kaplan-Meier curve representing PFS in association with the number of CD11b+ cells relative to CD8+ T cells in week 1 post-TIL

PBMCs. (E) Correlation of the number of TILs infused with the frequency of myeloid cells in week 1 post-TIL patient PBMCs (n = 25). (F) Kaplan-Meier curve of PFS in patients

with respect to their pre-treatment myeloid cell abundance. (G) Correlation between sum TIL frequency determined by TCRb sequencing and myeloid cell frequency in

PBMCs (n = 23). (H) Sum frequency of the top 50 TIL cloneswithin each patient’s TIL infusion product andweek 6 post-TIL infusion. (I) Fold reduction of TIL frequency from the

time of infusion to week 6 post-TIL. (J and K) Kaplan-Meier curves of (J) PFS and (K) OS in patients determined by week 6 TIL frequency in relationship to week 1 CD11b

frequency calculated from (H). Statistical data for linear regressions or analysis of Kaplan-Meier plots are shown. In (I), the p value was determined by a two-tailed t test with

Welch’s correction. Error bars represent standard deviation (SD).

www.moleculartherapy.org

Molecular Therapy Vol. 28 No 10 October 2020 2255

http://www.moleculartherapy.org


A B C

D E F

G H I J

K

O
NML

Figure 3. Lymphodepleting Chemotherapy Induces the Expansion of MDSCs in Mice

(A and B) Whole-cell numbers from spleens (A) and bone marrow extracted from the femurs and tibias (B) from NT or LD B16 tumor-bearing mice. (C) Fold change of whole-

cell numbers compared to control NTmice from four independent experiments. (D and E) Representative frequency of CD11b+ cells of total live cells in the spleen (D) and BM

(E). (F) Representative gating strategy of MDSC subsets in mice. (G–I) Whole-cell numbers of indicated immune cell populations in the spleens at respective time points. (G

and H) Representative experiments showing the depletion of T cells (G) and expansion of MDSC subsets (H) (n = 3–4 mice per group). (I) Fold change of whole-cell numbers

compared to control NT mice from four independent experiments. (J) Representative experiment showing MDSC expansion in BM after lymphodepletion. (K) Fold change of

whole-cell numbers of MDSCs within BM compared to control NTmice from four independent experiments. (L and M) Suppression of pmel T cell proliferation determined via
3H incorporation (L) and IFN-g production (M) after co-culture with MDSCs from NT or LD mice. (N) The frequencies of CD3+ T cells and CD11b+ myeloid cells were

determined in NTmice and LDmice bearing Panc02 tumors 7 days after lymphodepletion. (O) OT-I T cell proliferation determined via 3H incorporation in cultures with MDSCs

from NTmice and LDmice bearing Panc02 tumors. In (L)–(O), data are representative of two to three independent experiments with biological replicates shown. In (I) and (K),

each data point is the average fold change from an independent experiment (n = 3–5 mice per group per experiment). p values were determined by a two-tailed t test. Error

bars for (C), (I), and (K) represent SD. Errors bars represent SEM for remaining figures.
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tumors and confirmed that T cells were effectively depleted, while
MDSCs expanded upon lymphodepleting chemotherapy treatment
(Figures 3N and 3O) Taken together, these data show that lympho-
depleting chemotherapy induces the accumulation of immunosup-
pressive myeloid cells.
2256 Molecular Therapy Vol. 28 No 10 October 2020
MDSCs Differentiate from Mobilized Hematopoietic Progenitor

Cells in Mice and Humans

We hypothesized that the elevated frequency of MDSCs post-lympho-
depletion may arise from an increased number of circulating myeloid
progenitor cells that mobilize from the BM because cyclophosphamide
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Figure 4. Lymphodepleting Chemotherapy Mobilizes Hematopoietic Progenitors That Differentiate to MDSCs

(A) Representative dot plots of Lin�c-kit+ cells in spleens in untreated mice or day 7 post-lymphodepletion-treated mice. (B–D) The numbers of indicated HSPC populations

were determined in NTmice and LDmice within spleens (B and D) or BM (C) at day 1 or day 7 after lymphodepletion. (E) Experimental design for (F)–(K); n = 10mice per group.

(F) Frequency of CD45.1� endogenous leukocytes in recipient mice after adoptive transfer. (G) Frequency of total donor CD45.1+ cells in the spleens of recipient mice. (H)

Representative dot plots showing the percentage of myeloid cells and lymphocytes among donor-derived cells. Arrow indicates directionality of subgating with the frequency

of parent gates indicated. (I) Frequency of donor-derived cells in recipient mice after adoptive transfer. (J) Ratio of the number myeloid cells in relationship to lymphocytes that

differentiated from donor CD45.1+ cells. (K) Proportion of donor cells that differentiated to MDSCs in recipient mice. (L) Whole-cell number of Lin�CD34+ cells in the blood of

melanoma patients who received ACT with TILs. (M) Frequency of Lin�CD34+ of total live cells in one patient at pre-treatment and week 1 after TIL infusion. (N) Allogeneic

myeloid suppressor cells were differentiated from Lin�CD34+ cells from (M) and co-cultured with TILs cultured with autologous tumor cells. Suppressor cells were

conditioned with or without TCM. IFN-g production was determined by ELISA after 48 h of culture. In (A)–(D), data are reflective of four individual experiments (n = 4–5mice per

group). In (E)–(K), data representative of two individual experiments are shown. Biological replicates are shown. p values were determined by a two-tailed Student’s t test.

Error bars represent SEM. ND, not detected
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can mobilize HSPCs.30 We found that lineage (Lin)�c-kit+Sca-1+ and
Lin�c-kit+Sca-1- HSPCs were dramatically increased in the spleens
7 days after lymphodepletion but were depleted 1 day after treatment
compared to NT mice (Figures 4A–4C; Figure S7). In contrast, BM
HSPCs remained depleted after treatment, suggesting that the
progenitor cells egressed from the BM and remained in the
periphery (Figure 4C). Likewise, Lin�c-kit+Sca-1�CD16/32�/low

IL-7R� common myeloid progenitors (CMPs) and Lin�c-kit+
Molecular Therapy Vol. 28 No 10 October 2020 2257
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Sca-1�CD16/32highIL-7R� granulocyte-macrophage progenitors
(GMPs) were increased in the spleen at day 7 post-lymphodepletion
when mice also exhibited peak MDSC expansion (Figure 4D). To
examine the ability of mobilized progenitors to differentiate to
MDSCs, we adoptively transferred HSPCs collected from LD con-
genic CD45.1+ tumor-bearing mice to CD45.2+ recipient tumor-
bearing mice that were left untreated or given lymphodepleting Cy/
Flu before HSPC transfer (Figures 4E–4K). As expected, LD recipient
mice exhibited increases in endogenous CD45.1�CD11b+ cells and
CD45.1� HSPCs and reductions in CD45.1� lymphocytes in com-
parison to NT recipient mice (Figure 4F). The total frequency of
donor CD45.1+ cells was similar between NT and LD recipient
mice 7 days after transfer (Figure 4G). However, most donor
CD45.1+ HSPCs differentiated to CD11b+ cells in LD recipient
mice (Figures 4H and 4I). Inversely, lymphocytes (CD3+CD19+

NK1.1+CD11b�Ly6C�Ly6G�c-kit�) predominated the proportion
of CD45.1+ donor-derived cells in NT recipient mice (Figure 4I).
Furthermore, the ratio of CD11b+ cells relative to lymphocytes that
differentiated from donor CD45.1+ HSPCs was significantly elevated
in LD recipient mice, indicating that the mobilized progenitors pref-
erentially differentiate to myeloid cells in a LD environment (Fig-
ure 4J). Indeed, M-MDSCs and PMN-MDSCs derived from donor
mice were more prevalent in LD recipient mice compared to NT
recipient mice (Figure 4K).

In human samples, we confirmed that HSPCs (Lin�CD34+ cells)
were increased in melanoma patients at week 1 post-TIL infusion
compared to pre-infusion levels (Figure 4L; Figure S8). In addition
to an increased abundance of Lin�CD34+ cells at week 1 post-infu-
sion, we determined that the phenotype of HSPCs changed after TIL
infusion. Nearly, all Lin�CD34+ cells were also CD38+, co-express-
ing CD45RA and/or CD90, and the abundance of CD34+CD38+

CD90+ triple-positive cells increased in patients at the week 1
post-TIL blood draw compared to the pre-treatment PBMCs (Fig-
ure S8). We confirmed that immunosuppressive myeloid cells could
be generated from mobilized CD34+ cells collected from a mela-
noma patient who received ACT with TILs (Figure 4M; Figure S9).
In this melanoma patient, the frequency of CD34+ cells in PBMCs
dramatically increased from 0.11% at pre-infusion to 10.8% at week
1 post-TIL infusion (Figure 4M). We differentiated the CD34+ cells
using tumor-conditioned media (TCM) in addition to CC110 (SCF,
TPO, Flt3L) in combination with granulocyte colony-stimulating
factor (G-CSF) and successfully generated cells resembling
CD33+CD15+ PMN-MDSCs displaying elevated expression of
CD11b, LOX-1, CD14, and PD-L1 in response to treatment with
TCM (Figure S9). To determine the suppressive capacity of these
cells, the tumor cells used to produce the TCM were co-cultured
with autologous TILs and the in vitro-generated suppressor cells
at varying ratios. As expected, TILs produced IFN-g when cultured
with the tumor cells alone. However, the CD15+ suppressor cells
generated in the presence of TCM exhibited an enhanced capacity
to inhibit IFN-g production in TIL/tumor co-cultures in compari-
son to the suppressor cells generated without TCM (Figure 4N).
Taken together, these results confirm our findings in murine models
2258 Molecular Therapy Vol. 28 No 10 October 2020
demonstrating that lymphodepletion-mobilized HSPCs give rise to
immunosuppressive myeloid cells.
IL-6 Promotes MDSC Activity after Lymphodepletion Treatment

To identify factors that contribute to MDSC accumulation after lym-
phodepletion, we performed RNA sequencing on PMN-MDSCs and
M-MDSCs from NT and LD mice (Figure S10). Ingenuity Pathway
Analysis (IPA) revealed that multiple functions were enriched due
to changes induced by lymphodepletion, including cellular move-
ment, hematological system development and function, cell cycle,
cell death, and survival (Figure S10).We then enriched our dataset us-
ing IPA upstream regulator analyses and focused on cytokines as reg-
ulators (Figures 5A and 5B). Because IL-6 enhances immunosuppres-
sive functions and differentiation in MDSCs,31,32 we investigated the
role of IL-6 on MDSCs during lymphodepletion recovery. Indeed, the
transcriptional alterations induced by lymphodepletion were pre-
dicted to be regulated by multiple cytokines, including IL-6, in both
PMN-MDSCs and M-MDSCs collected from LD mice compared to
NT mice (Figures 5A and 5B). Likewise, IL-6 was more abundant
in the plasma of melanoma patients receiving ACT with TILs at
week 1 post-TIL infusion (Figure 5C). To determine the role of IL-
6 in ACT models, we lymphodeleted wild-type (WT) and IL-6
knockout (IL-6KO) mice bearing B16 tumors and measured the fre-
quency of MDSCs. We observed significant increases of MDSCs in
LD mice, but no difference was observed between WT and IL-6KO

mice (Figure 5D). However, the ability of MDSCs from IL-6KO LD
mice to suppress T cell proliferation was dampened (Figure 5E).
We confirmed these results in mice with a conditional knockout of
the IL-6 receptor (IL-6R) in myeloid cells (IL-6RM-KO) (Figure S11).
Since MDSCs from LD knockout mice were less immunosuppressive,
we hypothesized that ACT would be more efficacious in IL-6KO recip-
ient mice. Indeed, IL-6KO recipient mice exhibited reduced tumor
growth and improved survival after ACT in comparison toWT recip-
ient mice (Figures 5F and 5G). The improved efficacy was associated
with an increased frequency of circulating donor CD90.1+ pmel
T cells (Figure 5H). Similarly, the treatment of ACT in combination
with IL-6 receptor blocking antibodies (aIL6R) significantly reduced
tumor growth in comparison to mice that received ACT alone (Fig-
ures 5I and 5J). To confirm MDSC-mediated suppression of ACT ef-
ficacy, MDSCs were purified from donor WT and IL-6KO LD mice
and co-transferred with pmel T cells (Figures 5K–5M). Despite an
initial reduction in tumor growth, recipient mice that received a co-
transfer of pmel T cells withWTMDSCs exhibited a significant accel-
eration of tumor growth compared to mice that received T cells alone,
whereas mice co-transferred with IL-6KO MDSCs and T cells ex-
hibited a similar control of tumor growth compared to mice that
received T cells alone (Figure 5L). Moreover, the percentage change
in tumor growth from the time of infusion was greatest in mice
that received pmel T cells and WT MDSCs, while tumor growth
was stabilized or reduced in most recipient mice that received
T cells alone or T cells co-transferred with IL-6KO MDSCs (Fig-
ure 5M). Collectively, our results demonstrate that IL-6 regulates
the suppressive capacity of MDSCs that accumulate after
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Figure 5. IL-6 Promotes the Immunosuppressive Capacity of MDSCs Induced by Lymphodepletion

(A and B) IPA upstream regulator analysis enriched in (A) PMN-MDSCs and (B) M-MDSCs from LDmice over PMN-MDSCs andM-MDSCs taken from untreated mice. (C) IL-

6 concentration in plasma samples obtained from melanoma patients receiving ACT with TILs (n = 12). (D) MDSC frequency in the spleens of WT and IL-6KO mice. (E) Pmel

T cell proliferation determined by 3H-thymidine incorporation in cultures with MDSCswere purified fromNT or LDWT and IL-6KOmice. (F and G) Tumor growth (F) and survival

(G) after lymphodepletion with and without ACT with pmel T cells in mice with B16 tumors amongWT or IL-6KO recipient mice (n = 8–10mice per group). (H) Donor pmel T cell

frequency in blood of mice from (F) and (G). (I) Tumor growth in B16 tumor-bearing LD mice treated with ACT with or without aIL6R blocking antibodies (n = 8–10 mice per

group). (J) Waterfall plot showing percentage change in tumor growth in mice from (I) at the termination of the experiment. (K) Experimental design for (L)–(M). Recipient mice

received 2.5� 106 pmel T cells alone or in combination with 2.5� 106 MDSCs from LDWT or IL-6KO donor mice. (L) Tumor growth for individual mice is shown. (M) Waterfall

plot showing percentage change in tumor growth in mice from (L) at the termination of the experiment. In (D) and (E), p values were determined by a paired two-tailed

Student’s t test. Data are representative of two independent experiments. Tumor growth curve p values were determined by two-way ANOVA. Data are representative of two

independent experiments. Data points represent biological replicates. Error bars represent SEM.
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Figure 6. IL-6 Expression Is Induced by Lymphodepleting Chemotherapy

(A and B) pSTAT3 expression was determined by flow cytometry among splenic myeloid cells collected from NT or LDmice treated with or without ex vivo IL-6 stimulation. (A)

Representative histogram with mean fluorescence intensity (MFI) values indicated adjacent to each histogram. (B) Summarized data from a representative experiment. (C)

Representative histogram showing IL-6R expression among BM CMPs and GMPs from NT or LD mice at day 1 after lymphodepletion. (D) Percentage of IL-6R+ CMPs and

GMPs at day 1 and day 7 after lymphodepletion. (E) Experimental design for (F)–(H). Bone marrow was collected from NT or LD B16-bearing mice and cultured for 24 h. (F)

Stacked bar chart of intracellular IL-6 expression by CD11b+ myeloid cells, Lin�c-kit+ HSPCs, lymphocytes (CD3+/CD19+/NK1.1+), and CD45�Lin� cells as determined by

flow cytometry. (G) Representative histograms showing IL-6 expression among individual BM cell subsets with or without ex vivo LPS stimulation. MFI is indicated on the right

of each histogram. (H) Fold change in IL-6 expression among individual BM cell subsets. In (A)–(D), data are representative of two to three independent experiments. In (H),

normalized data are a compilation of three independent experiments with biological replicates shown. Data were normalized to NT or NT+LPS. p values were determined by a

two-tailed Student’s t test. In (B) and (D), errors bars represent SEM. In (H), error bars represent SD.
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lymphodepletion and that the efficacy of ACT is enhanced upon
blockade of IL-6 signaling.

Lymphodepleting Chemotherapy Induces the Production of IL-6

in BM

We established that IL-6 regulates the suppressive capacity of MDSCs
in LD mice (Figure 5). To evaluate IL-6 signaling during recovery af-
ter lymphodepletion, wemeasured phosphorylated STAT3 (pSTAT3)
in myeloid cells (Figures 6A and 6B). At peak expansion (day 7 post-
lymphodepletion), the abundance of pSTAT3+ cells was reduced in
myeloid cells from LD mice. In contrast, the percentage of pSTAT3+

cells were elevated in myeloid cells at day 1 post-lymphodepletion
(Figure 6B). In response to ex vivo IL-6 stimulation, pSTAT3 was
elevated at day 1 and day 3 post-lymphodepletion compared to cells
from NT mice, suggesting that IL-6 may be acting on myeloid cells
soon after chemotherapy treatment rather than at peak expansion
(Figure 6B). We defined that CMPs, GMPs, M-MDSCs, and PMN-
MDSCs expressed IL-6R (Figure 6C; Figure S12A). However, the
expression of the IL-6R was elevated in CMPs and GMPs in the
BM of LD mice at day 1 post-lymphodepletion, while MDSCs in
2260 Molecular Therapy Vol. 28 No 10 October 2020
the spleens or BM did not exhibit any change in IL-6R expression
compared to NT mice (Figure 6D; Figures S12B and S12C). We
then identified that BM CD11b+ cells were the primary producers
of IL-6 in NT or LD mice with B16 tumors, and the proportion of
IL-6+ cell subsets was similar between both groups (Figures 6E and
6F). However, all BM-derived cells produced more IL-6 within 24 h
after lymphodepletion both with and without the presence of
ex vivo lipopolysaccharide (LPS) stimulation (Figures 6G and 6H).
However, the expression values for lymphocytes and CD45�Lin�

cells were lower compared to CD11b+ and HSPCs cells. Nevertheless,
both CD11b+ cells and Lin�c-kit+ cells had an enhanced production
of IL-6 after lymphodepletion (Figure 6H). Taken together, our data
show that lymphodepleting chemotherapy induces the expression of
IL-6 in BM-derived cells, which may drive the function of MDSCs.

IL-6 Regulates the Survival and Resistance to Fas-Induced

Apoptosis in Lymphodepletion-Induced MDSCs

To elucidate the effect of IL-6 signaling on the suppressive capacity of
MDSCs in LDmice, we performed RNA sequencing onMDSC subsets
sorted from WT and IL-6KO NT and LD mice (Figure S13). In both
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Figure 7. IL-6 Reduces Fas Expression in MDSCs That Expand after Lymphodepletion

(A) Annexin V and PI staining amongMDSCs cultured for 48 h. (B) Frequency of live MDSCs from LDmice after 24 h of co-culture with T cells with or without FasL blockade. (C

and D) Expression of Fas in PMN-MDSCs. Compiled data from three independent experiments with biological replicates (C) with representative histogram (D) are shown. (E)

Frequency of live PMN-MDSCs cultured for 24 h with isotype antibodies or aFas. (F) Experimental design for (G)–(J). (G) Representative dot plots showing donor CD90.1+

pmel T cells and reduced CD11b+ cells in IL-6KO recipients 24 h after infusion. (H and I) Frequency of MDSCs in blood (H) and spleen (I) 24 h after ACT. (J) PMN-MDSC/T cell

ratio in the spleens of mice 24 h after ACT. Data are reflective of two to three independent experiments. p values were determined by a two-tailed t test. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. In (C), error bars represent SD. Error bars represent SEM in remaining figures.
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MDSC subsets, there were few transcriptional differences between
MDSCs from WT NT mice in comparison to MDSCs from IL-6KO

NT mice. In M-MDSCs, 600 gene transcripts calculated to be statisti-
cally significant were upregulated or downregulated amongM-MDSCs
from LD mice in comparison to M-MDSCs fromWT NTmice. How-
ever, there was little difference in M-MDSCs when we compared cells
fromWT LD mice to IL-6KO LD mice (Figure S13A). In contrast, 146
gene transcripts calculated to be statistically significant were upregu-
lated or downregulated among PMN-MDSCs from WT LD mice in
comparison to PMN-MDSCs from IL-6KO LD mice, suggesting that
IL-6 may have a broader impact in the development of PMN-MDSCs
(Figure S13B). We next performed gene set enrichment analysis on
PMN-MDSCs and identified that pathways and functions associated
with apoptosis were significantly enriched in PMN-MDSCs from
WT LD mice in comparison to PMN-MDSCs from IL-6KO LD mice
(Figures S13G and S13H). Indeed, LD mice exhibited an increased fre-
quency of viable MDSCs compared to mice with no treatment (Fig-
ure 7A). Moreover, MDSCs from LD mice were sensitive to apoptosis
mediated by T cells, which was blocked by the addition of a Fas ligand
(FasL) blocking antibody (aFasL) (Figure 7B). BecauseMDSCs can un-
dergo Fas-induced apoptosis,33 we next compared the survival of
MDSCs fromWT and IL-6KO mice. First, we observed that Fas expres-
sion was reduced in MDSCs from WT LD mice compared to WT NT
mice. Conversely, IL-6KO MDSCs from LD mice exhibited an increase
in Fas expression compared toWTMDSCs from LDmice (Figures 7C
and 7D). Next, we cultured MDSCs from WT and IL-6KO mice with
Fas agonistic antibodies (aFas). As expected, MDSCs from WT LD
mice exhibited an increased percentage of live cells compared to
MDSCs from NT mice after culture, even in the presence of aFas. In
contrast, the percentage of live cells from IL-6KO LD mice was reduced
compared to MDSCs from WT LD mice both with and without treat-
ment with aFas (Figure 7E). In addition, similar results were observed
in LD mice treated in vivo with a JAK/STAT3 inhibitor, JSI-124,
compared to mice treated with a vehicle control (Figure S14). We
then determined that the frequency of myeloid cells was reduced after
treatment with lymphodepleting chemotherapy followed by infusion
with CD90.1+ pmel T cells (Figure 7F). Specifically, M-MDSCs and
PMN-MDSCs were reduced in the blood and spleens of LD IL-6KO

recipient mice compared to WT recipient mice (Figures 7G–7I).
Furthermore, the ratio of PMN-MDSCs to T cells was reduced in the
spleens of IL-6KO recipient mice in comparison to WT recipient
mice (Figure 7J). Taken together, these data indicated that IL-6 regu-
lates MDSC survival and Fas expression after lymphodepletion
treatment.

IL-6 Signaling during Progenitor Differentiation to MDSCs Is

Essential for the Regulation of Fas Expression andResistance to

Apoptosis

In cells from IL-6R conditional knockout mice, we observed that the
rescue of IL-6R signaling did not promote the immunosuppressive
capacity of MDSCs (Figure S11). Moreover, exogenous IL-6 did not
enhance the ability of human PMN-MDSCs to suppress autologous
TILs (Figure 8A; Figure S15). Hence, we postulated that IL-6 may
be most relevant during the differentiation of MDSCs frommobilized
progenitors. To test our hypothesis, we collected mobilized HSPCs
from LD mice and differentiated these cells to MDSCs in vitro.
MDSCs were generated in the presence of granulocyte-macrophage
colony-stimulating factor (GM-CSF) alone or GM-CSF in
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Figure 8. IL-6 Differentiation Signals Reduce Fas Expression and Increase Survival in MDSCs

(A) 40 ng/mL IL-6 was added to co-cultures of TILs and PMN-MDSCs collected from amelanoma patient. TIL proliferation was measured by 3H thymidine incorporation after

72 h of culture. (B) Experimental design for (C)–(F). MDSCs were differentiated with GM-CSF or GM-CSF+IL-6 from Lin�c-kit+ HSPCs collected from the spleens of LD B16

tumor-bearing mice. (C and D) Fas expression in MDSCs measured on day 4 of differentiation protocol. (C) Representative histogram showing Fas expression and (D)

summarized data. (E) Differentiated MDSCs were collected on day 4 and then cultured for an additional 24 h with or without IL-6. Fas expression is shown. (F) Annexin V and

PI staining was used to determine the ratio of dead/live cells after differentiated MDSCs were cultured for 24 h in the indicated conditions. (G–J) MDSCs were differentiated

from Lin�c-kit+ cells as in (B). WT or IL-6KOmice were treated as in (B). (G and H) Percentage of viableMDSCs generated with (G) GMCSF or (H) GMCSF+IL-6 after 24 h of co-

culture with T cells in combination with isotype antibodies for aFasL. (I) Fas expression measured in MDSCs differentiated from WT or IL-6KO progenitors in respective

conditions. (J) T cell proliferation at 72 h in co-cultures with in vitro-generated MDSCs at a 1:8 ratio as in with/without FasL blockade. Dotted lines represent the mean of pmel

T cell proliferation upon culture with cognate peptide with isotype antibodies (black) or FasL blocking antibodies (red). Data are reflective of two to three independent ex-

periments. In (D)–(F), each data point is representative of cells pooled from 5mice; 20 mice total. In (I)-(J), biological replicates are shown. p values were determined by a two-

tailed t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent SEM.
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combination with IL-6 for 4 days (Figure 8B). MDSCs that were
differentiated from HSPCs in the presence of GM-CSF and IL-6 ex-
hibited reduced Fas expression compared to MDSCs differentiated
with GM-CSF alone (Figures 8C and 8D). Next, we cultured the
MDSCs collected on day 4 for an additional 24 h in media containing
IL-6. Intriguingly, the addition of IL-6 failed to reduce Fas expression
in MDSCs generated from HSPCs in the presence of GM-CSF alone
or GM-CSF and IL-6, suggesting that the expression of Fas in MDSCs
may be inherited from parental cells (Figure 8E). In parallel, we
cultured the MDSCs collected on day 4 and exposed them to Fas
agonistic antibodies with or without IL-6. Consistent with the reduc-
tion of Fas expression in MDSCs generated with GM-CSF and IL-6
observed in Figures 8C and 8D, survival was superior in response
to Fas agonism compared to MDSCs generated with GM-CSF alone
(Figure 8F). Notably, the addition of IL-6 to MDSCs in this post-dif-
ferentiation culture only had a modest effect on the viability of cells or
promoting any resistance to Fas agonism in cells differentiated in
2262 Molecular Therapy Vol. 28 No 10 October 2020
either GM-CSF alone or the combination of GM-CSF with IL-6 (Fig-
ure 8F). We validated these results by differentiating mobilized
HSPCs from WT and IL-6KO mice that were treated with lymphode-
pleting chemotherapy with the same protocol as in Figure 8B. GM-
CSF-generated MDSCs from mobilized IL-6KO HSPCs exhibited a
reduced viability in T cell co-cultures in the presence of an isotype
antibody and aFasL compared to MDSCs derived from WT mice
(Figure 8G). In contrast, MDSC viability was similar between cells
differentiated from WT and IL-6KO HSPCs with the addition of
GM-CSF and IL-6. This suggests that the IL-6 signal received during
differentiation conferred resistance to apoptosis even in IL-6 naive
cells that were collected from IL-6KO mice (Figure 8H). Additionally,
Fas expression was reduced in GM-CSF+IL-6-generated MDSCs
compared to MDSCs generated with GM-CSF alone from both WT
and IL-6KO progenitors (Figure 8I). Importantly, the suppressive ca-
pacity of MDSCs generated from mobilized IL-6KO HSPCs was
impaired compared to MDSCs differentiated from WT HSPCs.
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When T cells were cultured alone, the blockade of FasL enhanced
T cell proliferation. Despite this enhancement of T cell proliferation,
the suppressive capacity of MDSCs was amplified upon FasL
blockade. Specifically, weakly suppressive MDSCs generated from
IL-6KO HSPCs became highly suppressive upon FasL blockade, indi-
cating that the ability of MDSCs to survive during contact with T cells
was critical to mediate immunosuppressive functions (Figure 8J).
Taken together, these data demonstrate that IL-6 differentiation sig-
nals regulate the survival and Fas expression patterns of post-lympho-
depletion MDSCs that are necessary to resist apoptotic signals from
T cells and mount immunosuppressive functions.

DISCUSSION
Melanoma patient responses to ACT with TILs have been associated
with T cell-intrinsic differences among patients, including the num-
ber of TILs infused, the expression of B and T lymphocyte attenuator
(BTLA), in vivo T cell persistence, and the magnitude of IFN-g pro-
duction by TILs.8,28,34 Our data suggest that lymphodepleting chemo-
therapy induces the rapid expansion of MDSCs that ultimately im-
pacts the function of adoptively transferred T cells, leading to
diminished therapeutic efficacy and reduced TIL persistence. Impor-
tantly, the overlap of lymphodepleting regimens in patients treated
with ACT with TILs, CAR-T cells, and T cells with transgenic
TCRs is highly suggestive that similar mechanisms of MDSC-medi-
ated suppression may take place in most ACT settings.1,7,35 We
show that the repertoire of T cell clonotypes was diminished in pa-
tients who had high frequencies of CD11b+ myeloid cells, which
was ultimately associated with poor long-term survival (Figures
2G–2K). It is feasible that the most abundant adoptively transferred
TIL clones have a higher probability of interacting with and being
suppressed by MDSCs. However, we cannot rule out that character-
istic differences among individual TIL clones, such as the prevalence
of tumor-reactive clones or phenotypic memory characteristics, could
make certain T cells more susceptible to MDSC suppression.36,37

Hence, a deeper understanding of the interactions between MDSCs
and adoptively transferred T cells is necessary to guide strategies to
render T cells more resistant to myeloid-mediated immune suppres-
sion and promote in vivo T cell persistence.

Cyclophosphamide, a common chemotherapeutic drug used in lym-
phodepleting regimens, has been described to have immunomodula-
tory effects that promote immunosuppressive myeloid cell accumula-
tion.10,38 In breast cancer patients, the frequency of Lin�HLA-
DR�CD11b+CD33+MDSCs increased after treatment with a doxoru-
bicin-cyclophosphamide chemotherapy regimen,39 In mouse models,
lymphodepleting doses of total body irradiation9 and cessation of
treatment with Gr-1-depleting antibodies40 promoted the subsequent
accumulation of myeloid cells. Hence, it is likely that non-myeloabla-
tive immunodepleting methods can lead to “reactive myelopoiesis.”19

While previous studies have shown that cyclophosphamide leads to
the accumulation of MDSCs, little is known about the mechanisms
that drive the expansion of MDSCs during the recovery phase after
lymphodepletion treatment, particularly in human patients. More-
over, the immunosuppressive capacity of granulocytes and mono-
cytes that accumulate in non-malignant pathological settings of emer-
gency myelopoiesis have not been examined.20,21 Nearly all patients
in our study exhibited a significant elevation of myeloid cells after
lymphodepletion and ACT, which potently suppressed donor
T cells and autologous TILs (Figure 1). It is known that during tumor
progression, myeloid cells acquire immunosuppressive characteristics
in part by a skewing that occurs during myeloid progenitor commit-
ment.41,42 Intriguingly, we observed a strong myelopoietic bias when
HSPCs were transferred to LD recipients (Figures 4I and 4J), which
suggests that host-derived factors potentiate myeloid differentiation
in response to lymphodepleting chemotherapy. Tumor-derived fac-
tors such as retinoic acid can skew the differentiation of M-MDSCs
to macrophages at the expense of generating dendritic cells, and the
administration of all-trans retinoic acid (ATRA) can reverse this ef-
fect.43,44 However, early precursors such as GMPs and CMPs need
to be targeted to skew the development of terminally differentiated
PMN-MDSCs.42,45 CMPs and GMPs are rare populations of cells
often restricted to the BM space, which may make it a challenge to
manipulate differentiation signals specific to these cell populations.46

Interestingly, the rapid increase of myeloid progenitors that we
observed shortly after lymphodepleting chemotherapy treatment
may provide a therapeutic window to target the differentiation of
myeloid cells when myelopoietic signals are most relevant (Figures
4 and 8). Hence, the manipulation of differentiation signals and the
exploitation of progenitor cell plasticity to modulate the immunosup-
pressive capacity of daughter cells, including MDSCs, during ACT
regimens is an attractive therapeutic strategy and warrants further
investigation.

IL-6 and STAT3 are known to promote the function, differentiation,
and survival of MDSCs.14,31 In this study, we show that lymphodeple-
tion prompted BM progenitor mobilization and that IL-6 is required
for promoting survival signals during differentiation. Likewise, IL-6
has been reported to simultaneously drive the expansion of HSPCs,
enhance myelopoiesis, and block lymphopoiesis.47,48 Notably, we
describe that the role of IL-6 goes beyond providing an enhancement
of immunosuppressive capabilities during the differentiation from
progenitor cells.31 Our functional studies in murine models and
RNA sequencing indicated that post-lymphodepletion MDSCs ex-
hibited distinct biological and transcriptional characteristics
compared to MDSCs from NT mice (Figures 7 and 8; Figures S10
and S13). The inhibition of IL-6 signals in murine models improved
the efficacy of ACT by causing the dysregulation of survival signals
and the sensitization of MDSCs to Fas-induced apoptosis (Figures
5, 7, and 8). In the setting of an acute induction of lymphopenia,
we show that a cytokine signal, such as IL-6, is critical during progen-
itor differentiation. IL-6 imparted an improved survival capacity and
reduced Fas expression in daughter cells during the differentiation
from progenitors (Figures 8C–8F). We show that the addition of
IL-6 to already differentiated MDSCs failed to improve the viability
of cells or reduce Fas expression (Figure 8A). Taken together, these
data indicated that survival patterns can be inherited from parental
hematopoietic cells, which impact downstream immunosuppressive
capabilities of MDSCs. Hence, MDSCs have the potential to be
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targeted uniquely in the setting of ACT by targeting factors specif-
ically induced by lymphodepleting regimens, which can impact the
differentiation trajectory of mobilized HSPCs.

We showed that lymphodepleting chemotherapy enhances IL-6 pro-
duction in BM-derived myeloid cells and HSPCs early after treatment
(Figures 6G and 6H). Subsequently, the IL-6 differentiation signal was
critical for promoting MDSC resistance to T cell-mediated apoptosis
(Figure 8J). We found that a single infusion of MDSCs along with
T cells was sufficient to accelerate tumor growth in comparison to
mice that received T cells alone. Importantly, the transfer of IL-6
naive MDSCs taken from IL-6KO donor mice failed to negatively
impact the efficacy of ACT in IL-6 competent recipients (Figures
5L and 5M). This provides further support that IL-6 impacts
MDSC function indirectly during their differentiation from progeni-
tors, rather than on cells in a post-differentiation state. In addition to
IL-6, our RNA sequencing experiments revealed that several up-
stream regulators, including tumor necrosis factor alpha (TNF-a)
and GM-CSF (CSF2), may drive the expansion and function of
MDSCs that expand after treatment with lymphodepleting chemo-
therapy (Figures 5A and 5B). TNF-a can promote the survival of
HSPCs and promote the accumulation of myeloid cells in response
to stimulation with polyinosinic:polycytidylic acid (poly I:C), LPS,
or treatment with 5-fluorouracil (5-FU).49 Meanwhile, GM-CSF has
been shown to promote extramedullary myelopoiesis within inflamed
joints of mice with experimental spondyloarthritis.22 Interestingly,
TNF-a and GM-CSF promoted a myelopoietic bias in these experi-
mental settings, which aligns with the differentiation bias of HSPCs
that we observed in LD mice (Figure 5I). While we did not examine
other factors in this current study, we are actively investigating the
role of other cytokines and growth factors in the regulation of lym-
phodepletion-driven myelopoiesis. Collectively, the determination
of key host-factor signals and the characterization of myelopoietic
niches during lymphodepletion-driven myelopoiesis could identify
new therapeutic targets with the potential to enhance patient re-
sponses to ACT.

In patients receiving CAR-T cells, the onset of cytokine release
syndrome (CRS) was attributed to the production of IL-6 and
IL-1b by monocytes after CAR-T cell infusion and that the symp-
toms of CRS could be ameliorated by the administration of IL-6R
blocking antibodies and/or IL-1 receptor antagonists.50 However,
it is unclear which host factors induced by lymphodepleting
chemotherapy, including IL-6 and IL-1b, are responsible for the
induction of myeloid-mediated immunosuppression during ACT
regimens. Notably, patients who receive ACT with TILs do not
exhibit symptoms of CRS, but rather they endure toxicities related
to lymphodepleting chemotherapy and/or bolus high-dose IL-2
administration.51 Thus, the role of IL-6 beyond its role in the in-
duction of CRS remains unclear in a variety of ACT settings. How-
ever, the ongoing clinical use of IL-6R blocking antibodies in pa-
tients receiving CD19-directed CAR-T cells provides feasibility
for this treatment to be used prophylactically to reduce myeloid-
mediated immunosuppression in patients receiving any modality
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of ACT in combination with lymphodepleting chemotherapy.52

We acknowledge that immunological abnormalities associated
with pre-existing cytopenias, late-onset neutropenia, and a history
of HSCT, which are frequently observed in patients with hemato-
logical malignancies, could have an impact on myelopoiesis in pa-
tients receiving CD19-directed CAR-T cells.53,54 Thus, differences
associated with lymphodepletion-driven myelopoiesis between pa-
tients with solid tumors and hematological malignancies remain
unclear. Moreover, the impact of MDSCs on patient outcomes af-
ter CAR-T cell infusion has not been thoroughly evaluated and is
an active point of investigation for our group.

This study is characterized by important limitations. For example, the
small patient sample size limits the statistical power of our study.
Hence, future prospective studies that analyze MDSC accumulation
and its impact on the survival of patients receiving ACT are necessary.
Importantly, we focused on peripheral immune suppression during
lymphodepletion recovery in this study. It is well established that tu-
mor-derived factors can enhance the suppressive capacity of
MDSCs.55We also demonstrated this by generating immunosuppres-
sive myeloid cells from a patient’s CD34+ cells (Figures 4M and 4N;
Figure S9). However, the lack of patient tumor biopsies after TIL infu-
sion limited our ability to evaluate therapy-related changes in the tu-
mor microenvironment. Hence, future studies in murine models and
patient specimens will evaluate the differentiation and infiltration of
HSPCs and myeloid cells in the tumor microenvironment after treat-
ment with lymphodepleting chemotherapy and its ensuing impact on
the efficacy of ACT.

While the therapeutic efficacy of ACT and the persistence of
infused T cells are associated with lymphodepletion-induced in-
creases of T cell homeostatic cytokines,4,6,56 we highlight an
opposing mechanism in that lymphodepleting chemotherapy reg-
imens prompt the mobilization of HSPCs followed by dramatic
expansion of immunosuppressive myeloid cells. With the evidence
provided in our study, we propose that the full benefits of pre-con-
ditioning lymphodepletion regimens may be achieved by inhibit-
ing counter-immunosuppressive reactions, potentially through
skewing the differentiation of progenitor cells. Accordingly, we
report that the modulation of MDSCs by blocking IL-6 differenti-
ation signals is a feasible approach to enhance therapeutic out-
comes in patients receiving ACT with TILs and provides support
for future clinical trials.
MATERIALS AND METHODS
Study Design

The primary research objective was to evaluate mechanisms that drive
the expansion and function of immunosuppressive myeloid cells in
patients receiving ACT and relevant murinemodels. For human spec-
imen analysis, the data shown include all acquired data for the patient
cohorts for this study. For murine experiments, animals were ran-
domized after tumor inoculation and experiments were repeated be-
tween two and four times as noted.
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Patient Samples

Patient lymphodepletion was carried out via administration of cyclo-
phosphamide (60 mg/kg/day) and mesna (20 mg/kg), which were
given intravenously (i.v.) on day �7 and day �6 relative to the antic-
ipated TIL infusion date. Fludarabine (25 mg/m2) was given daily
intravenously from day �5 to day �1. The TIL infusion was admin-
istered on day 0, and a 720,000 IU/kg intravenous bolus of IL-2 (al-
desleukin, Prometheus Laboratories, San Diego, CA, USA) was given
every 8–16 h for up to 15 doses, beginning 12–16 h after TIL infusion.
Preparation of TIL was performed as previously described.28 Briefly,
surgically resected tumors were minced to 1-mm pieces and placed
into individual wells of a 24-well plate containing 6,000 IU/mL IL-
2. TILs were expanded for up to 5 weeks and then tested for IFN-g
production in co-cultures with autologous tumor cell lines or cryo-
preserved tumor digest cell suspensions. IFN-g+ TILs underwent a
rapid expansion protocol (REP).28 For TIL-MDSC co-cultures, cryo-
preserved post-REP TILs were thawed and rested for 48–72 h in AIM-
V (Thermo Fisher Scientific) containing 3,000 IU/mL IL-2 prior to
co-culture. Myeloid cells were sorted from fresh PBMCs collected
from melanoma or NSCLC patients. Sorted MDSCs were cultured
with autologous TILs or donor T cells as indicated below.

Myeloid Cell Isolation for Functional Assays

For human specimens, PMN-MDSCs were purified from fresh PBMCs
using CD15microbeads (Miltenyi Biotec). M-MDSCs were purified by
the negative selection PBMCs by labeling with biotinylated antibodies
for CD3, CD19, CD56, and HLA-DR. The negative fraction was then
labeled with CD14 microbeads (Miltenyi Biotec). MDSCs isolated
from human specimens were cultured with donor T cells or autologous
TILs. T cells were stimulated using Dynabeads human T-activator
CD3/CD28 for T cell expansion and activation (Thermo Fisher Scien-
tific, 11132D). When available, TILs were co-cultured with autologous
tumor cell lines and varying concentrations of MDSCs. For murine
specimens, MDSCs were purified from spleens using anti-Gr-1 bio-
tinylated antibodies, anti-biotin microbeads, or streptavidin microbe-
ads (Miltenyi Biotec) with a purity >90% after elution through mag-
netic columns. CD8+ T cells were purified from the spleens of pmel
orOT-Imice using an EasySepmouseCD8+ T cell isolation kit (STEM-
CELL Technologies). Gr-1+ cells were co-cultured with pmel or OT-I
T cells for 72 h in round-bottom 96-well plates. Co-cultures were incu-
bated in media containing 1 mg/mL of cognate peptide, glycoprotein
(gp)10025–33 or ovalbumin (OVA)SIINFEKL (both from AnaSpec).
T cell proliferation was assessed by CellTrace Violet dilution (Thermo
Fisher Scientific) or 3H-thymidine incorporation. For 3H-thymidine
incorporation, 3H-thymidine was added at the final 18 h of culture
and cells were harvested at 72 h. For detection of IFN-g, supernatants
were collected after 72 h of culture and concentrations were measured
by ELISA (BD Biosciences or R&D Systems).

Generation of Human Melanoma Cell Line and TCM

A surgically resected melanoma tumor was subjected to a TIL expan-
sion protocol as described above. The remaining tumor was digested
in media containing collagenase (type II and type IV), hyaluronidase,
and DNAase (Fisher Scientific, Pittsburgh, PA, USA) for 1 h at 37�C
and mechanical dissociation by gentleMACS (Miltenyi Biotec). After
digestion, the cell suspension was filtered to remove undigested tumor
and connective tissue to generate a single-cell suspension. Cells were
suspended in completemedia (CM) containing RPMI 1640media sup-
plementedwith 10% heat-inactivated fetal bovine serum (FBS), 0.1mM
nonessential amino acids, 1 mM sodium pyruvate, 2 mM fresh L-gluta-
mine, 100mg/mL streptomycin, 100U/mL penicillin, 50mg/mL genta-
micin, 0.5 mg/mL Fungizone (all from Life Technologies, Rockville,
MD, USA), and 0.05 mM 2-mercaptoethanol (2-ME) (Sigma-Aldrich,
St. Louis, MO, USA) and grown to confluency. Adherent cells were
passaged multiple times. To generate TCM, tumor cells were grown
to confluency in CM and dissociated using enzyme-free cell dissocia-
tion buffer with PBS (Thermo Fisher Scientific). Cells were pelleted
and washed twice with PBS before suspending in serum-free RPMI
1640 at 1e6 cells/mL and cultured in a 24-well plate for 24 h. Cell-
free supernatant was harvested and stored at �80�C until ready for
use. Cytokine concentrations were determined by LEGENDplex hu-
man (HU) essential immune response panel (13-plex) (BioLegend).

MDSC Differentiation

For murine specimens, Lin�c-kit+ cells were collected from the
spleens of LD mice. 1 � 106 cells were cultured in six-well plates
for 4 days in 4mL ofmedia containing 40 ng/mL recombinant murine
GM-CSF (PeproTech) or GM-CSF in combination with 40 ng/mL re-
combinant murine IL-6 (PeproTech). At the end of culture, Gr-1+

cells were isolated and used for functional analysis. For human spec-
imens, CD34+ cells were purified from cryopreserved patient PBMCs
using a CD34 microbead kit, human (Miltenyi Biotec) with a purity
>95%. 5 � 104 CD34+ cells were cultured in six-well plates in Stem-
Span serum-free expansion medium II (SFEM II) supplemented with
StemSpan CC110 (STEMCELL Technologies), 100 mg/mL strepto-
mycin, and 100 U/mL penicillin. SFEMII+CC110 media were supple-
mented with 40 ng/mL recombinant human G-CSF (PeproTech).
CD34+ cells were cultured for the first 7 days in media containing cy-
tokines and CC110 diluted 1:100 per the manufacturer’s recommen-
dation. For the final 7 days of culture, CC110 was diluted 1:1,000 from
the manufacturer’s stock concentration. Media were refreshed every
4 days by addition of fresh media and cytokines to each well. For
the final 4 days of culture, media were refreshed containing cytokines
plus 30% RPMI 1640 (vehicle) or TCM. At the end of the culture
(14 days total), cells were harvested and co-cultured with TILs for
functional analysis.

Mouse Models and Treatment

Female C57BL/6 mice (6–8 weeks old) were purchased from Charles
River Laboratories (Wilmington, MA, USA). B6.129S2-Il6tm1Kopf/J
(IL-6KO) mice were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). To generate a conditional IL-6R knockout,
B6;SJL-Il6ratm1.1Drew/J mice (The Jackson Laboratory) were bred
with B6.129P2-Lyz2tm1(cre)Ifo/J mice (The Jackson Laboratory).
Il6ra+/fl heterozygotes, hemizygous for Lyz2-cre, were bred with ho-
mozygous Il6rafl/flmice to generate mice that were Il6rafl/flLyz2cre (de-
noted as IL-6RM-KO; M indicates myeloid). Cre� littermates (Il6rafl/fl)
were used as control mice. Female B6.SJL-Ptprca Pepcb/BoyJ CD45.1+
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(6–8 weeks old) mice were purchased from The Jackson Laboratory.
Pmel and OT-I mice were bred and housed at the Animal Research
Facility of the H. Lee Moffitt Cancer Center and Research Institute.
Mice were humanely euthanized by CO2 inhalation according to
the American Veterinary Medical Association guidelines. Mice were
observed daily and were humanely euthanized if a solitary subcutane-
ous tumor exceeded 400 cm2 in area or mice showed signs referable to
metastatic cancer.

Murine Cell Lines

B16 melanoma (obtained from ATCC) and Panc02 pancreatic cancer
(obtained from ATCC) cell lines were cultured in CM: RPMI 1640me-
dia supplemented with 10% heat-inactivated FBS, 0.1 mMnonessential
amino acids, 1 mM sodium pyruvate, 2 mM fresh L-glutamine, 100mg/
mL streptomycin, 100 U/mL penicillin, 50 mg/mL gentamicin, 0.5 mg/
mL Fungizone (all from Life Technologies, Rockville, MD, USA), and
0.05 mM 2-ME (Sigma-Aldrich, St. Louis, MO, USA). The cell lines
tested negative for mycoplasma contamination. All cell lines were
passaged fewer than 10 times after initial revival from frozen stocks.
All cell lines were validated in core facilities prior to use.

In Vitro T Cell Culture, Lymphodepletion, Adoptive Transfer, and

In Vivo Treatment

T cells were isolated from the spleens of mice using a pmel EasySep
mouse CD8+ T cell isolation kit (STEMCELL Technologies). Pmel
T cells were cultured for 3 days in CM containing 10 IU/mL IL-2
and 5 mg/mL gp10025–33 peptide. Recipient mice with established tu-
mors were lymphodeleted by intraperitoneal (i.p.) injection of
200 mg/kg cyclophosphamide (Baxter) followed by 100 mg/kg fludar-
abine (Sagent Pharmaceuticals) 24 h after cyclophosphamide injec-
tion. Adoptive transfer of 2.5 � 106 activated pmel T cells were
infused intravenously via tail vein injection 24 h after fludarabine
administration. For the adoptive transfer of MDSCs, B16 tumor-
bearing mice with established tumors were given lymphodepleting
chemotherapy. Seven days after treatment, recipient mice were lym-
phodeleted and MDSCs were isolated from the spleens of mice and
co-transferred at a 1:1 ratio with activated pmel T cells 24 h after flu-
darabine administration. IL-2 (2.5e5 IU) was given intraperitoneally
following T cell injection, continuing every 12 h for 3 days, for a total
of six injections. Following this treatment, tumor size was measured
and recorded every 3–4 days.

For the adoptive transfer of HSPCs, CD45.1+ mice with established
B16 tumors were given lymphodepleting treatment. Seven days after
treatment, HSPCs were purified from spleens by depleting Lin+ cells
using direct lineage depletion kit (Miltenyi Biotec) followed by posi-
tive selection using CD117 microbeads (Miltenyi Biotec). Purity of
Lin�c-kit+ cells was >90%. 5 � 106 CD45.1+Lin�c-kit+ cells were
infused intravenously via tail vein injection to CD45.2+ C57BL/6
mice.

For IL-6R blockade, mice were administered via intraperitoneal injec-
tion 1.0 mg of anti-IL-6R antibody (15A7, Bio X Cell) 1 day prior to
cyclophosphamide injection, followed by 0.5 mg of anti-IL-6R anti-
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body every 5 days for the duration of the experiment. For JAK2/
STAT3 inhibition, LD tumor-bearing mice were administered
1 mg/kg JSI-124 (Cayman Chemical) by intraperitoneal injection
once daily starting 1 day prior to cyclophosphamide injection.
DMSO was the carrier and was used as a vehicle control.

Flow Cytometry

Spleens and BMwere harvested under sterile conditions. Spleens were
homogenized by applying pressure to tissue on 100-mm cell strainers.
BM was harvested by flushing media with a needle and syringe
through femurs and tibias. Bones were then crushed and the resulting
BM was collected. Single-cell suspensions were prepared, and red
blood cells were removed using red blood cell lysis buffer (Bio-
Legend). The resulting suspension was passed through a 70-mm cell
strainer and washed once with PBS. Cells were resuspended in to a
concentration of 0.5–1 � 106 cells/mL for flow cytometric analysis
in fluorescence-activated cell sorting (FACS) buffer containing PBS,
5% FBS, 1 mM ethylenediaminetetraacetate (EDTA) (Sigma-Al-
drich), and 0.1% sodium azide (Sigma-Aldrich). Cell viability was
measured by staining cell suspensions with Zombie NIR (BioLegend).
Prior to surface staining, cells were incubated with Fc Shield (Tonbo
Biosciences) for murine specimens and Fc Blocker (Miltenyi Biotec)
for human specimens. For surface staining of murine specimens, cells
were stained in FACS buffer with the following antibodies: CD3 (145-
2C11), CD4 (GK1.5), CD8 (53-6.7), CD19 (1D3), NK1.1 (PK136),
CD11b (M1/70), Ly6G (1A8), Ly6C (HK1.4), F4/80 (BM8), c-kit
(2B8), Sca-1 (D7), CD16/32 (93), IL-7R (A7R34), IL-6R (D7715A7)
(all from BioLegend), Fas (Jo2) (BD Biosciences), and lineage cocktail
(Tonbo Biosciences). For human specimens, cell surface staining was
conducted with the following antibodies: CD3 (145-2C11), CD4
(RPA-T4), CD8 (RPA-T8), CD19 (HIB19), CD56 (B159), CD11c
(Bly6), CD14 (MoP9), CD15 (HI98), CD11b (ICRF44), CD33 (P67-
6), HLA-DR (G46-6), IL-6R (M5), CD34 (581), CD38 (HIT2),
CD45RA (HI100), CD90 (5E10) (all from BD Biosciences), and
LOX-1 (15C4) and PD-L1 (29E-2A3) (from BioLegend). Cells were
acquired by an LSR II or FACSCelesta (BD Biosciences), and the
data were analyzed with FlowJo (Tree Star).

IL-6 Detection and In Vitro Stimulation of IL-6 Signaling

IL-6 was measured in plasma samples collected from melanoma pa-
tients who received ACTwith TILs at theMoffitt Cancer Center using
a human IL-6 Quantikine ELISA kit (R&D Systems). For human
specimens, 40 ng/mL recombinant human IL-6 (PeproTech) was
added to T cell/TIL co-cultures with patient-derivedMDSCs. Formu-
rine specimens, 40 ng/mL recombinant murine IL-6 (PeproTech) was
added to MDSC/T cell co-cultures. Where indicated, 200 ng/mL re-
combinant mouse IL-6/IL-6R alpha protein chimera (R&D Systems)
was added to co-cultures containing MDSCs collected from IL-6RM-

KO mice. For intracellular IL-6 staining, BM cells were incubated in
CMwith and without 1 mg/mL LPS for 18 h in 24-well plates at a con-
centration of 5 � 105 cells per well. During the final 6 h of culture,
500 ng/mL brefeldin A solution (BioLegend) was added to each
well. After 6 h of incubation with brefeldin A, non-adherent cells
were collected. Adherent cells were collected after incubation with
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1 mM EDTA solution and gentle scraping. Adherent cells were
pooled with non-adherent cells. Cells were stained with Zombie
NIR, Fc Shield, and cell surface markers followed by fixation and per-
meabilization via a Cytofix/Cytoperm kit (BD Biosciences). Cells were
stained with anti-IL-6 antibodies, washed twice, and then data were
acquired immediately by FACSCelesta (BD Biosciences). For pSTAT3
(pY705) staining, cells were incubated in serum-free RPMI 1640 for
30 min at 37�C. To induce STAT3 phosphorylation, cells were incu-
bated with 100 ng/mL IL-6 (PeproTech) or 200 ng/mL recombinant
mouse IL-6/IL-6R alpha protein chimera (R&D Systems). Cells were
washed and stained for cells surface markers. BD Phosflow lyse/fix
buffer was added to each sample for fixation followed by permeabili-
zaton with BD Phosflow perm buffer III. Permeabilized cells were
incubated with antibodies specific for pSTAT3 for 30 min at room
temperature. Cells were washed three times and then data were ac-
quired immediately for flow cytometric analysis.

MDSC Apoptosis

Purified MDSCs were cultured for 24–48 h in 24-well plates at 5 �
105–1� 106 cells per well in media containing 1 mg/mL purified ham-
ster anti-mouse Fas (CD95) (Jo2, BD Biosciences) or isotype Arme-
nian hamster immunoglobulin (Ig)G2 (BD Biosciences). In MDSC
co-cultures with activated T cells, cells were incubated with 10 mg/
mL purified anti-mouse CD178 (FasL) (MFL3, BioLegend) or isotype
mouse IgG1 (BioLegend). Apoptosis was measured by annexin V and
propidium iodide (PI) staining (Thermo Fisher Scientific) and as-
sessed by flow cytometric analysis.

TCRb Sequencing and Analysis

DNA extraction was performed using the DNeasy Blood & Tissue kit
(QIAGEN) on post-REP TILs, apheresis samples collected 6 weeks
post-TIL infusion, and patient PBMCs. Samples were subjected to
TCR clonotyping, and TCRb CDR3 regions were analyzed using
the immunoSEQ analyzer (Adaptive Biotechnologies). TIL frequency
was determined by identifying unique V-beta and J-beta genes iden-
tified within each sample and calculating the sum frequency of pro-
ductive rearrangements among the total detected in both post-REP
TILs and post-TIL infusion PBMCs. A persistent TIL clone in post-
TIL infusion PBMCs or apheresis products were determined by the
detection of the same rearrangements initially identified in post-
REP TILs. The fold change of TIL frequency was determined by iden-
tifying overlapping unique rearrangements detected in post-REP TILs
and post-TIL infusion PBMCs and calculating their respective pro-
portion of the total detected rearrangements. Fold change was calcu-
lated between the sum productive frequency of overlapping rear-
rangements detected at week 6 post-TIL infusion by the frequency
of the same rearrangements detected in post-REP TILs and correlated
with CD11b+ cell frequency.

RNA Sequencing

M-MDSCs (CD11b+Ly6C+Ly6G�) and PMN-MDSCs (CD11b+-

Ly6C+Ly6G+) were sorted by a FACSAria special order research
product (SORP) (BD Biosciences) with a purity >99%. Sorted cells
were washed and stored as dry pellets. RNA was extracted with an
RNeasy mini kit (QIAGEN). Paired-end RNA sequencing reads
were subjected to adaptor trimming and quality assessment before be-
ing aligned to mouse reference genome mm10 using STAR v2.5.3a
(PMID: 23104886). Quantification of read counts aligned to the re-
gion associated with each gene was performed using HTSeq v0.6.1
(PMID: 25260700) based on the RefSeq gene model. Read counts of
all samples were normalized based on library size estimation using
the R/Bioconductor package DESeq2 v1.6.3 (PMID: 25516281). Dif-
ferential gene expression between different conditions was performed
by serial dispersion estimation and statistical model fitting procedures
implemented in DESeq2. Genes with a Benjamini-Hochberg cor-
rected p value of less than 0.05 were considered to be significantly
differentially expressed. Significant genes affected by at least 2-fold
were analyzed for enrichment of upstream regulators using
QIAGEN’s IPA software (https://www.qiagen.com/ingenuity, “ca-
nonical pathways,” “diseases and functions,” and “upstream regula-
tors” options). For upstream regulator analysis, cytokine upstream
regulators were filtered and sorted by p value for the dataset overlap
between molecules known to be regulated by that given cytokine.
GEO: GSE136574; GEO: GSE136639.

Statistical Analysis

Graphs were generated using GraphPad Prism software. Graphs
represent mean values with SEM. p values were calculated in each
respective Figure where statistical tests are indicated. Retrospective
analysis for patient survival was performed. Mantel-Cox p values
are shown on each respective Kaplan-Meier plot. Patient groups for
Kaplan-Meier survival plots were established by determining the me-
dian cutoff by frequency distribution analysis. The median follow-up
for survival analysis was determined by reverse Kaplan-Meier analysis
(median follow-up, 22 months). p values and R2 values were deter-
mined by a two-tailed Pearson r correlation test. For mouse-tumor
growth studies, tumor growth curves are shown as mean with SEM,
and significance was determined by a two-way ANOVA and Sidak’s
multiple comparisons test. Mice were randomized after tumor cell
implantation into respective treatment groups. For all other experi-
ments, data were compared using either an unpaired two-tailed Stu-
dent’s t test corrected for multiple comparisons by a Bonferroni
adjustment or Welch’s correction. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.

Study Approval

All animal experiments were approved by the University of South
Florida Institutional Animal Care and Use Committee and per-
formed in accordance with the US Public Health Service policy and
National Research Council guidelines. Studies were performed under
approved Institutional Review Board (IRB) laboratory protocols at
the H. Lee Moffitt Cancer Center (Tampa, FL, USA). TILs, PBMCs,
and autologous tumors were collected from melanoma patients or
PBMCs from NSCLC tumor patients as part of TIL ACT clinical tri-
als. All samples were de-identified prior to use in research studies. All
patients signed approved consent forms. Specimens were obtained
from patients who were enrolled in the following clinical trials: Ve-
murafenib with lymphodepletion plus adoptive cell transfer & high
Molecular Therapy Vol. 28 No 10 October 2020 2267

https://www.qiagen.com/ingenuity
http://www.moleculartherapy.org


Molecular Therapy
dose IL-2 metastatic melanoma, MCC-16992, ClinicalTrials.gov:
NCT01659151, https://clinicaltrials.gov/ct2/show/NCT01659151?
term=16992&draw=2&rank=4; Ipilimumab with lymphodepletion
plus adoptive cell transfer and high dose IL-2 in melanoma mets
pts, MCC-17057, ClinicalTrials.gov: NCT01701674, https://clinical
trials.gov/ct2/show/NCT01701674?term=17057&draw=2&rank=4;
Combining PD-1 blockade, CD137 agonism and adoptive cell ther-
apy for metastatic melanoma, MCC-18377, ClinicalTrials.gov:
NCT02652455, https://clinicaltrials.gov/ct2/show/NCT02652455?
term=18377&draw=2&rank=2; Nivolumab and tumor infiltrating
lymphocytes (TIL) in advanced non-small cell lung cancer, MCC-
19122, ClinicalTrials.gov: NCT03215810, https://clinicaltrials.gov/
ct2/show/NCT03215810?term=19122&draw=2&rank=1.
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Figure S1. Gating strategy for identification of myeloid cell subsets in patients. (A) Starting from the left 
on Lin- (CD3-/CD19-/CD56-) CD11b+ cells. Arrow indicate directionality of subgates. Populations identified in 
Figure 1 were Lin-CD11b+CD14+HLA-DR-/low (far right) and Lin-CD11b+CD14-HLA-DR-/low (bottom).
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Figure S2. Quantification and function of myeloid cells collected from melanoma patients. (A-C) Whole 
cell numbers in PBMCs were determined by flow cytometry prior to and after treatment with lymphodepleting 
chemotherapy and TIL infusion in melanoma patients (n=21). (D) Frequency of PMN-MDSCs at Week 1 
Post-TIL in a melanoma patient. (E) Frequency of PMN-MDSCs among total live PBMCs in the patient from 
(D) at Week 1 and Week 2 Post-TIL. (F-G) Suppression of T cell proliferation (F) and IFN-gamma production 
(G) were determined after 72hrs of culture of PMN-MDSCs with donor T cells. P values were determined by 
two-tailed t-test. Technical replicates are shown.
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Figure S3. Pre- and Post-treatment myeloid cells suppress donor T cells and autologous TILs. (A-C) 
Donor T cells were co-cultured with myeloid cells collected from pre-treatment PBMCs. (A) HLA-DR-CD14+/- ; 
(B-C) HLA-DR-CD14+ cells. (D-F) Suppressor assay with HLA-DR-CD14+ cells collected from Week 1 post-TIL 
infusion PBMCs were co-cultured with donor T cells (D) or autologous TIL (E-F). Myeloid cells were collected 
from Week 2 post-TIL infusion PBMC specimens for suppressor assay (F). P values were determined by 
two-tailed t-test. Technical replicates are shown.
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Figure S4. Expansion of MDSCs in NSCLC patients receiving ACT with TIL. (A) Gating strategy to identify 
PMN-MDSCs and M-MDSCs in NSCLC patient 1 at Day -8 before TIL infusion and Day 7 and Day 14 Post-TIL 
infusion and completion of a lymphodepleting chemotherapy regimen. Gates start from the percentage of live 
cells to subgates indicated by arrows with their respective frequency of parental gates. (B) Frequency of 
M-MDSCs and PMN-MDSCs of total live PBMCs at respective blood draws. (C-D) Suppression of IFN-γ 
production (C) and T cell proliferation (D) by PMN-MDSCs after 72hrs of co-culture. (E) Frequency of 
PMN-MDSCs of total live cells in NSCLC patient 2. (F-G) Suppression of T cell proliferation (F) and IFN-γ 
production (G) by PMN-MDSCs after 72hrs of co-culture. P values were determined by two-tailed t-test. 
Technical replicates are shown.
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Figure S5. Week 1 post-TIL myeloid cell frequency associations with patient survival. 
(A-C, E) Kaplan-Meier curves showing overall survival in association with the frequency of myeloid cell subsets 
measured in Week 1 Post-TIL PBMCs. (D) Ratio of the total number of CD11b+ cells respective to the number 
of CD8 T cells in Week 1 PBMCs to examine PFS (Fig. 2D) and OS in (E). Median (1.03) is indicated by the 
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Figure S6. Tracking TIL clonotypes and identification of endogenous T cells
(A) TCRβ overlap of all TIL clonotypes in melanoma patients that received ACT with TIL. Overlap was com-
pared to TILs detected from the time of infusion to Week (Wk) 1 and Wk 6 post-TIL infusion. (B) Sum frequen-
cy of all endogenous T cells that were not present within each respecitve patient’s infusion product. The 
frequency of endogenous T cells increased over time as indicated at Wk1 and Wk6 post-TIL infusion.
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Figure S9. Differentiation of immunosuppressive myeloid cells from lymphodepletion-mobilized 
CD34+ cells. (A) Detection of cytokines in the TCM collected from a primary melanoma tumor cell line. (B-D) 
PMN suppressor cells were differentiated from CD34+ cells collected the Week 1 post-TIL PBMCs from a 
patient (Fig. 4M-N) for 14 days in CC110+GCSF. On day 10, cells were refreshed with media containing 
CC110+GCSF in combination with vehicle (RPMI) or TCM from (A). (B) Phenotype of CD15+ PMN suppressor 
cells differentiated from CD34+ cells at day 14 of differentiation protocol. (C) Frequency of CD15+ cells of all 
live cells at day 14. Black=CC110+GCSF+Vehicle, Red=CC110+GCSF+TCM. (D) Histograms of indicated 
myeloid cell markers. Parent gate is CD15+ cells as in (C). Gray = FMO, Black=CC110+GCSF+Vehicle, 
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Figure S10. RNA sequencing on MDSCs isolated from untreated and lymphodepleted 
tumor-bearing mice. (A-B) Volcano plots representing significantly up- and down-regulated genes in 
MDSCs from LD mice. Dotted lines represent the Log2 fold change cutoff of 1.5 and -log10 p-value of 
p=0.05. Significant genes are shown in red; non-significant in grey. (C-D) IPA analysis of functions 
enriched in MDSCs from lymphodepleted mice over MDSCs from untreated tumor-bearing mice.   
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Figure S11. MDSCs from IL-6R conditional knockout mice treated with lymphodepleting chemotherapy 
exhibit a reduction in their suppressive capacity. (A) Frequency of MDSC subsets in control littermates 
(IL-6Rfl/fl) and knockout mice (IL-6RM-KO) bearing B16 tumors 7 days after treatment with lymphodepleting che-
motherapy. (B) IL-6/IL-6R Chimeric protein  treatment rescues IL-6 signaling in knockout mice. Induction of 
pSTAT3 in WT MDSCs and MDSCs from IL-6RM-KO treated with IL-6/IL-6R Chimeric protein (200ng/mL for 
30min). (C-D) MDSCs from tumor-bearing IL-6Rfl/fl or IL-6RM-KO treated with or without lymphodepleting chemo-
therapy were collected 7 days after treatment and then cultured with Cell Trace Violet labeled pmel spleno-
cytes and cognate peptide. MDSC and pmel co-cultures were incubated for 72hrs with or without 200ng/mL 
IL-6/IL-6R Chimeric protein. Pmel T cell proliferation was determined at 72hrs via Cell Trace Violet dilution. (C) 
Representative histogram. (D) Summary of data.  P values were determined by two-tailed student t test. 
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Representative histogram of IL-6R expression from Day 7 post-LD splenic MDSC subsets. (B-C) IL-6R  
expression was determined on M-MDSCs and PMN-MDSCs from NT or LD mice at indicated time points as in 
(Fig. 6C-D) in the BM (B) and spleen (B). Data is representative of 3 independent experiments. P values were 
determined by paired two-tailed t-test. *=P<0.05 
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Figure S13. RNA sequencing of WT and IL-6KO MDSCs from non-treated and lymphodepleted mice. 
(A-B) Venn diagrams demonstrating the number of up- and down-regulated genes among each comparison 
and the overlap between comparisons. (C-F) Volcano plots of significantly altered genes in PMN-MDSCs 
comparing WT vs IL-6KO (C), WT vs WT+LD (D), IL-6KO vs IL-6KO+LD (E), WT+LD vs IL-6KO+LD (F). Dotted 
lines represent cutoffs of 1.5 fold change and log-transformed values of p<0.05. Significant genes are colored 
in red. (G-H) Ingenuity Pathway Analysis on genes enriched in WT+LD PMN-MDSCs over PMN-MDSCs from 
IL-6KO mice treated with lymphodepleting chemotherapy.

0 2 4 6

Myc Mediated Apoptosis Signaling

Tumoricidal Function of Hepatic 
Natural Killer Cells

Glycine Biosynthesis I

Granzyme A Signaling

Apoptosis Signaling

Extrinsic Prothrombin Activation Pathway

Granzyme B Signaling

Melatonin Degradation III

Small Cell Lung Cancer Signaling

Cytotoxic T Lymphocyte-mediated
 Apoptosis of Target Cells

Sumoylation Pathway

Histidine Degradation III

Cell Cycle Control of 
Chromosomal Replication

Tetrahydrofolate Salvage from
 5,10-methenyltetrahydrofolate

Folate Transformations I

RAN Signaling

Folate Polyglutamylation

-log(p-value)

PMN-MDSCs
IPA Canonical Pathways

WT+LD vs. IL-6KO+LD

0 2 4 6 8 10

Inflammatory Disease

Immunological Disease

Connective Tissue Disorders

Gastrointestinal Disease

Hematological Disease

Cardiovascular Disease

Cell Death and Survival

Cellular Function and Maintenance

DNA Replication, Recombination, and Repair

Organismal Injury and Abnormalities

Cancer

-log(p-value)

G H PMN-MDSCs
IPA Disease & Functions

WT+LD vs. IL-6KO+LD



B C

Vehicle JSI-124
0

20

40

60

80

%
 L

iv
e 

(A
nn

ex
in

-V
- P

I- )

PMN-MDSC
**

Vehicle JSI-124
0

20

40

60

%
 L

iv
e 

(A
nn

ex
in

-V
- P

I- )

M-MDSC

Figure S14. In vivo JAK/STAT3 inhibition reduces PMN-MDSC survival. (A) Experimental design for 
(B-C). Mice were treated with vehicle or 1mg/kg JSI-124 once daily starting 1 day prior to lymphodepleting 
treatment. Day 7 post-LD, MDSCs from vehicle-treated or JSI-124-treated mice were cultured for 24hrs. Live 
cells were determined by Annexin-V and PI negativity. (B) PMN-MDSCs; (C) M-MDSCs. P values were       
determined by two-tailed t-test. Data is representative of two independent experiments (n=5 mice per group). 
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Figure S15. Exogenous IL-6 does not alter MDSC suppressive capacity. (A) IL-6R surface expression on 
PMN-MDSCs in Week 1 Post-TIL PBMCs from melanoma patient 1 (left) and melanoma patient 2 (right). (B) 
PMN-MDSCs purified from Week 1 Post-TIL PBMCs and co-cultured with donor T cells in media with or without 
40ng/mL IL-6. T cell proliferation was determined after 72hrs of culture. P values were determined by two-tailed 
t-test. Technical replicates are shown.


	Reactive Myelopoiesis Triggered by Lymphodepleting Chemotherapy Limits the Efficacy of Adoptive T Cell Therapy
	Introduction
	Results
	The Accumulation of Myeloid Cells Reduces the Therapeutic Efficacy of ACT with TILs
	MDSCs Rapidly Expand after Treatment with Lymphodepleting Chemotherapy in Mice
	MDSCs Differentiate from Mobilized Hematopoietic Progenitor Cells in Mice and Humans
	IL-6 Promotes MDSC Activity after Lymphodepletion Treatment
	Lymphodepleting Chemotherapy Induces the Production of IL-6 in BM
	IL-6 Regulates the Survival and Resistance to Fas-Induced Apoptosis in Lymphodepletion-Induced MDSCs
	IL-6 Signaling during Progenitor Differentiation to MDSCs Is Essential for the Regulation of Fas Expression and Resistance  ...

	Discussion
	Materials and Methods
	Study Design
	Patient Samples
	Myeloid Cell Isolation for Functional Assays
	Generation of Human Melanoma Cell Line and TCM
	MDSC Differentiation
	Mouse Models and Treatment
	Murine Cell Lines
	In Vitro T Cell Culture, Lymphodepletion, Adoptive Transfer, and In Vivo Treatment
	Flow Cytometry
	IL-6 Detection and In Vitro Stimulation of IL-6 Signaling
	MDSC Apoptosis
	TCRβ Sequencing and Analysis
	RNA Sequencing
	Statistical Analysis
	Study Approval

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


