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Abstract
Adoptive cell transfer (ACT) using autologous tumor infiltrating lymphocytes (TILs) was previously shown to yield clini-
cal response in metastatic melanoma patients as an advanced line. Unfortunately, there is no reliable marker for predicting 
who will benefit from the treatment. We analyzed TIL samples from the infusion bags used for treatment of 57 metastatic 
melanoma patients and compared their microRNA profiles. The discovery cohort included six responding patients and seven 
patients with progressive disease, as defined by RECIST1.1. High throughput analysis with NanoString nCounter demon-
strated significantly higher levels of miR-34a-5p and miR-22-3p among TIL from non-responders. These results were vali-
dated in TIL infusion bag samples from an independent cohort of 44 patients, using qRT-PCR of the individual microRNAs. 
Using classification trees, a data-driven predictive model for response was built, based on the level of expression of these 
microRNAs. Patients that achieved stable disease were classified with responders, setting apart the patients with progressive 
disease. Moreover, the expression levels of miR-34a-5p in the infused TIL created distinct survival groups, which strongly 
supports its role as a potential biomarker for TIL-ACT therapy. Indeed, when tested against autologous melanoma cells, 
 miRLow TIL cultures exhibited significantly higher cytotoxic activity than  miRHigh TIL cultures, and expressed features of 
terminally exhausted effectors. Finally, overexpression of miR-34a-5p or miR-22-3p in TIL inhibited their cytotoxic abil-
ity in vitro. Overall, we show that a two-microRNA signature correlates with failure of TIL-ACT therapy and survival in 
melanoma patients.
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Introduction

Melanoma is considered as an immunogenic tumor, express-
ing a variety of tumor associated antigens [1] and highest 
mutational burden [2]. Indeed, this field was the first to enjoy 
the wave of new immunotherapeutic strategies [3, 4]. In 
2011, ipilimumab, and antibody blocking cytotoxic T lym-
phocyte-associated protein 4 (CTLA-4) was approved for the 
treatment of metastatic melanoma based on survival benefit 
in randomized Phase III clinical trials [5, 6]. Antibodies that 
target Program cell Death 1 (PD-1) [7, 8] showed impres-
sive clinical effects, leading to regulatory approvals of pem-
brolizumab and nivolumab for the treatment of metastatic 
melanoma and recently in the adjuvant setting. Combination 
of ipilimumab and PD-1 blockade yields more than 50% 
response, but with very high toxicity [9]. Inhibitors for addi-
tional immune checkpoints are under development, such as: 
T-cell membrane protein 3 (TIM3), Lymphocyte-activation 
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gene 3 (LAG3) [10] and Carcinoembryonic antigen-related 
cell adhesion molecule 1 (CEACAM1) [11, 12].

Adoptive cell therapy (ACT) involves the isolation 
and ex vivo expansion of autologous tumor infiltrating 
lymphocytes (TILs) that are then infused in combination 
with IL-2 into the cancer patient, who has undergone non-
myeloablative lymphodepleting chemotherapy [13]. Several 
protocols for ACT in melanoma have been developed along 
the years, including the use of “selected” TILs, based on 
their IFNγ release or “Young”-unselected TILs [14–16]. 
Multiple independent TIL trials in metastatic melanoma 
patients have consistently yielded objective response rates 
of around 40%, with many of these responses being durable 
[17–19]. Although this raises great hope, many patients still 
do not gain any benefit, stressing the need for predictive 
biomarkers.

MicroRNAs (miRNAs) are short non-coding RNA mol-
ecules that post-transcriptionally regulate gene expression by 
promoting translational repression or transcript degradation 
[20, 21]. Thousands of mature human miRNAs are anno-
tated and described in miRbase database [22]. As an indi-
vidual miRNA can simultaneously modulate the expression 
of even hundreds of different mRNA targets, it is estimated 
that more than a half of the total human mRNA species are 
likely to be subjected to miRNA-mediated control [23]. 
miRNAs are expressed in a tissue-specific manner and play 
important roles in cell proliferation, apoptosis, differentia-
tion and metabolism [20]. Considering the prevalence of 
miRNA-mediated gene regulation, alterations in miRNAs 
expression can significantly contribute to changes in impor-
tant cellular pathways and thus underlie diseases. Indeed, 
numerous studies confirm the involvement of miRNAs in 
autoimmune diseases [24], neurodegenerative diseases [25] 
and cancer [26–29]. The majority of current studies are 
focused on miRNA signatures as biomarkers for diagnosis, 
prognosis or therapeutic response [29, 30].

Here we describe a 2-miRNA signature in the infused 
TIL, which correlates with response and survival in 57 meta-
static melanoma patients treated with TIL-ACT. A proof-of-
principle evidence for the effect of these miRNAs on TILs 
cytotoxic capacity implies on a mechanistic basis.

Materials and methods

Melanoma patients and infusion TIL samples

57 metastatic melanoma patients treated with TIL-ACT 
immunotherapy at the Ella Lemelbaum Institute of Mela-
noma at Sheba Medical Center, between years 2008 and 
2013 [14, 17] were included in the study. All TIL treatments 
were based on the “Young” TIL protocol, except for four 
patients who were treated with the “Selected” protocol [14, 

17, 31, 32]. Patients’ response was determined according to 
RECIST v1.1 criteria as progressive disease (PD) patients, 
stable disease (SD), or responders which included partial 
(PR) or complete response (CR) patients. The clinical char-
acteristics of all patients in the Discovery and Validation 
cohorts are detailed in Table 1. All patients gave written 
informed consent prior to their participation in this study. 
This study was approved by the Israel Ministry of Health 
(Helsinki approval no. 3518/2004, NCT00287131).

Cells and media

The melanoma and TIL culture were obtained from surgi-
cally excised melanoma specimens at our institute. TILs 
were cultured as previously described [17]. Melanoma 
cells were maintained in RPMI-1640 medium (Biological 
Industries) with supplements and 10% FBS (Biological 
Industries).

RNA isolation

Total RNA was isolated from post-rapid expansion TILs [31] 
of melanoma patients prior to infusion, using Tri Reagent 
(Sigma-Aldrich, Rehovot, Israel), according to manufac-
turer’s instructions. Samples were run on 1% agarose gel 
electrophoresis to assess integrity and quantification of 
RNA was measured by NanoDrop 2000 (Thermo Scientific, 
Waltham, MA). For analysis of miRNA expression follow-
ing electroporation, RNA was isolated using miRNeasy 
Micro-Kit (Qiagen, Hilden, Germany), according to manu-
facturer’s instructions.

NanoString nCounter miRNA assay

NanoString nCounter_Human_miRNA_Assay_v2 was per-
formed according to manufacturer’s instructions (NanoString 
Technologies Inc, Seattle, WA). Data was normalized to the 
top 100 most highly expressed miRNAs in each sample. 
Background detection threshold was determined based on 
the mean expression values of six negative control probes in 
each sample. Values exceeding background detection thresh-
old were considered to be indicative of relevant miRNA 
expression.

Reverse transcription and quantitative real‑time 
PCR (qRT‑PCR)

cDNA was generated using Universal cDNA synthesis kit 
(Exiqon, Vedbaek.

Denmark). miRNAs expression was tested using Micro-
RNA LNA™ PCR primers (Exiqon). The qRT-PCR reac-
tions were run in triplicates on LightCycler480 system 
(Roche, Basel, Switzerland). miRNAs transcripts were 
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Table 1  Clinical data of the 
Discovery and Validation 
cohorts

# Sample ID TIL Protocol Response Age Sex Stage Post TIL
therapy lines

Comments

Discovery cohort
1 14 Selected CR 53 M M1c BioChemo
2 52 Young PR 45 M M1b N/A Ongoing (11y)
3 54 Young CR 66 M M1c N/A Ongoing (10y)
4 56 Young CR 61 M M1b N/A Ongoing (10y)
5 92 Young CR 45 M M1b N/A Ongoing (8y)
6 93 Young PD 54 F M1c N/A
7 95 Young PD 39 M M1c Ipi
8 96 Young PD 57 F M1c N/A
9 108 Young PD 63 M M1c DTIC + Bev, 

Carbo + Pacli, Pidi, 
IL-2 SC

No response to 
all post TIL 
lines

10 111 Young CR 49 F M1c N/A Ongoing (7.5y)
11 113 Young PD 62 M M1c Carbo + Pacli
12 125 Young PD 59 F M1c Pidi, Ipi
13 136 Young PD 66 F M1c TMZ
Validation cohort
1 9 Selected SD 55 M M1c N/A
2 23 Selected SD 34 M M1c N/A
3 33 Selected SD 50 M M1c N/A
4 34 Young PD 36 M M1c N/A
5 39 Young PR 36 M M1c Pacli, Ipi, Vem
6 41 Young PD 57 M M1c Carbo-Pacli
7 48 Young SD 22 M M1b Pacli, Sor + TMZ
8 51 Young SD 41 F M1a Ipi, Vem
9 53 Young PD 57 M M1b N/A
10 57 Young PR 71 M M1c N/A
11 60 Young PD 68 F M1c N/A
12 66 Young PR 41 M M1c Ipi
13 71 Young SD 36 F M1c N/A
14 72 Young SD 49 M M1c Caro + Pacli + Bev
15 76 Young SD 29 F M1c Ipi
16 79 Young SD 48 M M1c Ipi
17 80 Young PD 43 F M1c N/A
18 81 Young PR 52 M M1b Ipi
19 82 Young SD 63 M M1c Ipi
20 85 Young PR 54 F M1c Vem
21 87 Young PR 33 M M1c Carbo + Pacli, Pidi, Ipi
22 90 Young PD 45 F M1c Ipi
23 94 Young PD 27 F M1c Ipi
24 100 Young PD 51 F M1c N/A
25 101 Young SD 53 F M1c N/A
26 103 Young PD 61 M M1c N/A
27 105 Young PR 34 M M1c N/A
28 110 Young PR 66 M M1c Ipi
29 114 Young SD 32 F M1c N/A
30 115 Young PR 64 M M1c Ipi
31 120 Young PD 45 M M1a N/A
32 122 Young PD 55 M M1c N/A
33 123 Young PR 54 M M1c N/A Ongoing PR
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detected using SYBR Green master mix (Exiqon), accord-
ing to manufacturer’s instructions. Reactions were normal-
ized to SNORD48 control (ΔCt). Relative expression was 
calculated compared to responders group using 2^(−ΔΔCt) 
equation, as previously described [33].

Flow cytometry

Expression of cell surface proteins on TIL cultures was 
determined by flow cytometry. The following antibodies 
were used for flow cytometry: PE-labeled antihuman CD3 
(Cat. no. 555340 BD Bioscience), FITC-labeled antihuman 
CD4 (Cat. no.110049, eBioscience), PerCP-labeled antihu-
man CD8 (Cat. no. 345774, BD Bioscience) or PE-Cy7-
labeled antihuman CD8 (Cat. no. 344712, BioLegend), 
APC-labeled antihuman CD25 (Cat. no. 170259, eBiosci-
ence), APC-labeled antihuman CD27 (Cat. no. 170279, eBi-
oscience), PE-labeled antihuman CD62L (Cat. no. 120629, 
eBioscience), APC-labeled antihuman CXCR3 (Cat. no. 
FAB160A, R&D), FITC-labeled antihuman CD28 (Cat. 
no.110289, eBioscience), APC-labeled antihuman CD69 
(Cat. no. 170699, eBioscience), PE-labeled antihuman GITR 
(Cat. no. FAB689P, R&D) and PE-labeled antihuman OX40 
(Cat. no. FAB3388P, R&D). TIL were washed and re-sus-
pended in FACS buffer consisting of 0.5% BSA in PBS. 
Cells were incubated for 30 min with the antibodies on ice, 
washed in FACS buffer, and read as the relative log fluores-
cence of live cells using FACS Calibur flow cytometer (BD 
Bioscience). Samples were analyzed using FlowJo software 
(BD Bioscience). Cells were gated on viable lymphocytes, 
according to FSC and SSC, as well as singlets. The cells 

were further gated on CD3 + T cells, and a representative 
gating strategy figure is shown in Supplementary Fig. 1.

miRNA electroporation

TILs were washed with OPTI-MEM (Thermo Fisher Scien-
tific) and re-suspended in OPTI-MEM at 1 × 106 cells/50 µl. 
Cells were electroporated using BTX ECM830 (Harvard 
Apparatus, Holliston, MA) at 400 V for 1 ms with a total 
of 4uM miScript miRNA Mimics (miR-34a-5p + Negative 
Control, miR-22-3p + Negative Control, miR-34a-5p + miR-
22-3p or Negative Control only (Qiagen)) in a 2-mm cuvette 
(Harvard Apparatus). Cells and cuvettes were pre-chilled by 
putting them on ice for 20 min before electroporation. Imme-
diately after electroporation, cells were transferred to fresh 
pre-warmed complete medium [31] and incubated at 37 °C. 
After 2 h, cells were washed twice, counted and seeded for 
cytotoxicity assays.

LDH cytotoxicity and total cell number assays

miRNA electroporated TILs (6 × 104 cells/well) were used 
as effectors and seeded in 96-well plate and incubated for 
72 h. Then, 8 × 103 target cells were added and co-incubated 
for 18 h. Fresh medium was added to the rest of the wells. 
Lactate dehydrogenase (LDH) release was measured in 
the supernatant with CytoTox 96 (Promega, Madison, WI) 
according to manufacturer’s instructions using a microplate 
reader (GloMax, Promega, Madison, WI) at 490 nm. Experi-
ments were performed in quadruplicate wells. Percent of 
specific lysis of target cells was calculated using the equa-
tion: (Experimental−EffectorSpontaneous-TargetSpontaneous)/

Table 1  (continued) # Sample ID TIL Protocol Response Age Sex Stage Post TIL
therapy lines

Comments

34 124 Young CR 42 M M1c Pembro
35 127 Young SD 71 M M1c Ipi
36 128 Young PR 46 F M1c N/A
37 129 Young PR 36 M M1c N/A Ongoing PR
38 130 Young PD 28 F M1c N/A
39 131 Young PD 50 M M1c Pembro
40 132 Young PD 50 M M1c Pembro
41 133 Young SD 72 M M1b N/A
42 139 Young PD 60 F M1c Ipi
43 144 Young CR 42 F M1c N/A Ongoing CR
44 148 Young PD 71 M M1c N/A

Patients are organized consecutively and categorized according to response groups. CR, PR, SD and PD 
stand for complete response, partial response, stable disease and progressive disease, respectively. Age and 
stage indicated in the table were at time of TIL therapy
Vem Vemurafenib, Ipi Ipilimumab, Pembro Pembrolizumab, Pidi Pidilizumab, Carbo Carboplatinum, Pacli 
Paclitaxel, Bev Bevacizumab, TMZ Temozoloide, DTIC Dacarbazine, Sor Sorafenib, SC Subcutaneous, 
N/A Not applicable
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(TargetMaximum-TargetSpontaneous) × 100. Maximum LDH 
release of effector cells was used to normalize for differ-
ences in total cell numbers counts between electroporated 
TILs. To ensure linearity of the LDH cytotoxicity assay, a 
standard curve consisting of different Effector:Target (E:T) 
ratios was generated by co-incubating different amounts of 
melanoma from patient #14 (mel14) with fixed amounts of 
corresponding TIL (TIL14). The assay was performed as 
described above.

RNA sequencing

RNA from TIL products of advanced melanoma patients 
was extracted with Tri Reagent (Sigma-Aldrich, Cat#T9424) 
according to manufacturer protocol. RNA-seq libraries 
were prepared with Illumina’s Ribo Zero Gold and TruSeq 
stranded library prep kits and sequenced on the Illumina 
HiSeq 2500 platform using paired-end sequencing with read 
length of 2 × 125−150 bps. Reads were aligned to the human 
genome reference build hg38 using STAR aligner [34] and 
were quantified with FeatureCounts [35]. After filtration of 
lowly expressed genes (counts below 10 in more than 90% 
of samples), raw counts were normalized and analyzed in 
the R environment according to the LIMMA pipeline [36, 
37]. Transcriptomes of miR-high and low TIL products were 
compared using the R package LIMMA pipeline. The cyto-
lytic score was calculated by the geometric mean of GMZA 
and PRF1 [38]. Normalized gene expression of immune 
checkpoints and T-cell state markers was visualized using 
the R package pheatmap.

Statistical analysis

NanoString data analysis was performed by calculating the 
fold change between the mean expression of responding 
patients and the mean expression of PD patients, for each 
miRNA. P value was calculated using the unpaired two-
tailed Student’s t test. Differentially expressed miRNAs were 
selected based on the following criteria: p ≤ 0.05 and fold 
change ≤ 0.66 or ≥ 1.5.

Significance of variation between groups was evaluated 
using the unpaired two-tailed Student’s t test, Mann–Whit-
ney test, ANOVA or proportion test.

A classification tree with k-fold validation method was 
carried to distinguish responders from non-responders based 
on patients’ miRNA expression levels. Three approaches 
were examined: (1) differentiation of responders (CR + PR) 
from non-responders (SD + PD). This approach treats SD 
patients as non-responders, since these patients do not 
exhibit any objective response; (2) exclusion of SD patients 
from the classification analysis and re-add them in the pre-
diction stage; (3) regarding SD as Clinical Benefit together 
with the CR + PR. It should be emphasized that the splits in 

the classification trees are data driven, similar to coefficients 
of regression model, and are not arbitrary user-determined 
“cut-offs”. Splits were determined by conditional inference 
using a Chi squared test [39]. Thus, splits are pre-ROC 
curves, and leaves in the tree are used to determine the prob-
ability (= proportion in the leaves) of an observation to be 
classified as a responder or non-responder. Kaplan–Meier 
analysis for survival was performed on the terminal nodes 
of the best classification tree models. All p values were two-
sided and statistical significance was set at p ≤ 0.05.

microRNA bioinformatics

We utilized TargetScan (http://www.targe tscan .org/) to 
identify predicted targets of miRNAs and Toppgene (https 
://toppg ene.cchmc .org/enric hment .jsp) algorithm for path-
way analysis.

Results

miRNA expression in TIL‑ACT treated patients

The discovery cohort, comprised of 7 PD patients (3 males; 
mean age 57.2) and 6 responders (5 CR patients and 1 PR 
patient with over 5 years of progression free survival; 5 
males; mean age 53.2) was screened for 800 miRNAs using 
NanoString nCounter Human miRNA assay. The cohort 
compares extreme clinical outcomes, and we hypothesized 
it will highlight major potential differences. This screen 
yielded 5 differentially expressed miRNAs, with only 3 of 
them—miR-34a-5p, miR-22-3p and miR-135b-5p show-
ing values exceeding background detection threshold, as 
shown in Fig. 1a. Since overall expression levels of miR-
135b-5p were relatively low, we decided to concentrate on 
miR-34a-5p and miR-22-3p. The results of these two miR-
NAs were validated technically using qRT-PCR as another 
method (Fig. 1b, detailed depiction of miR-34a-5p and miR-
22-3p values appears in Supplementary Table 1).

miR-34a-5p and miR-22-3p expression was further val-
idated by qRT-PCR in a validation cohort of 44 patients 
comprised of 16 PD, 14 SD, 12 PR and 2 CR patients. 
Clinical data of all patients, including the discovery cohort, 
is detailed in Table 1. Within the discovery cohort, there 
was no significant difference between responders group 
(CR + PR) and PD patients regarding age, number of IL-2 
doses administered during TIL treatment and LDH val-
ues, and a significant difference in BRAF mutation status 
(Fig. 2a, detailed in Supplementary Table 1). Response was 
associated in a statistically significant manner with high 
CD27 and low CD25 frequencies, and a similar trend was 
also observed for high CD8 frequency as measured with 
flow cytometry (Fig. 2b, detailed depiction of tested markers 

http://www.targetscan.org/
https://toppgene.cchmc.org/enrichment.jsp
https://toppgene.cchmc.org/enrichment.jsp
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appears in Supplementary Table 1). In the validation cohort, 
Responders, Stable Disease and Progressive Disease groups 
were compared. None of the clinical parameters or the - cell 
markers were associated with response (Fig. 2c, d). In line 
with the results of the discovery cohort, a trend for asso-
ciation with response was observed for high frequency of 
CD8, and a trend for association with progressive disease 
was observed for high CD25 frequency (Fig. 2d). In addi-
tion, a trend for association of high frequency of CD4 with 
progressive disease was observed (Fig. 2d). Finally, there 
were no significant differences in any of these parameters 
between the discovery and validation cohorts. No correla-
tion was observed between the percentage of CD8 + T cells 
in the infusion bag and the expression level of miR-34a-5p 
(r = 0.12) or miR-22-3p (r = 0.32) (Supplementary Fig. 2). 
The progression free survival (PFS) and overall survival 
(OS) of all 57 patients grouped according to their response 
to therapy (Fig. 2e, f), and concur with previously published 
data [17–19]. Noteworthy, PFS of SD patients was similar to 

PD patients, but their OS was significantly better (Fig. 2e, f). 
This difference could not be explained by subsequent post 
TIL therapy, as both groups received similar treatments: 7 
of the 14 SD patients received post TIL therapy (5 of them 
received Ipilimumab), and 11 of the 23 PD patients received 
post TIL therapy (8 of them received Immune checkpoint 
inhibitors such as ipilimumab, pembrolizumab, or pidili-
zumab) (Table 1).

Multivariate analysis on this limited dataset carries a risk 
of overfitting. No stable model that can be generalized out-
of-sample was available to predict responders. When SD are 
excluded, miR-34a is the top predictor. The next important 
predictors are miR-22, CD4 and CD8. The order between 
them changes across training samples. The best predictors 
of clinical benefit were miR-34a and miR-22, followed by 
CD4. We, therefore, used conditional inference trees on the 
entire set of variables. When predicting clinical benefit, we 
receive a 2-level tree, split on miR-34a. Other outcomes 
resulted in a singleton tree (no splits). Notably, trees are 

Fig. 1  Differentially expressed 
miRNAs in the discovery 
cohort. a NanoString nCounter 
Human miRNA Assay was 
performed to profile microR-
NAs expression in TIL-ACT 
treated patients—6 responders 
(5 CR and 1 PR patients) and 
7 PD patients. Differentially 
expressed miRNAs (out of 
800 miRNAs analyzed) were 
selected based on the criteria of 
p ≤ 0.05 and fold change ≤0.66 
or ≥1.5. Normalized Nanostring 
counts are shown for each 
group. Black horizontal line 
indicates background detection 
threshold; b miR34a-5p and 
miR-22-3p expression levels 
were assessed by qRT-PCR 
and normalized to SNORD48 
expression in responders and 
PD patients. Box plots of ∆Ct 
values are shown for each 
miRNA. As such, lower values 
indicate higher expression
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corrected to multiple tests, thus the threshold for significance 
is negatively correlated with the number of variables. With 
small data, this limitation is likely to result in singleton trees. 
Therefore, we further ran a conditional inference tree on the 
top variables extracted from the random forest model: miR-
34a, miR-22, CD4, CD8. While the resulted trees vary across 

samples, miR-34a consistently split the trees fit for response 
excluding SD, and for clinical benefit, which includes SD.

Analysis of the integrated cohorts (total 57 patients) 
showed that miR-34a-5p and miR-22-3p were both up-
regulated in the PD patients compared to the responders 
group and displayed a very high correlation (ρ = 0.728; 

Fig. 2  Clinical data of the discovery and validation cohorts. Data was 
categorized by Discovery and Validation cohorts, as indicated in the 
figure. a and c depict clinical characteristics including age, number 
of IL-2 doses administered during TIL treatment, BRAF mutation 
and whether high LDH levels; b and d depict the percentage of dif-
ferent T-cell markers in the T-cell product from the infusion bags; e 

describes the progression free survival and f overall survival of the 
combined cohorts, according to clinical response to TIL. Statisti-
cal tests used were Chi square for categorical variables, t test and 
ANOVA for quantitative variables. The p values are indicated in the 
figure. R—Responders, PD—Progressive Disease, SD—Stable Dis-
ease, PFS—Progression-Free Survival, OS—Overall Survival
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p = 1.38 × 10−10): 1.46-fold change for miR-34a-5p 
(p = 0.004) and 1.87-fold change for miR-22-3p (p = 0.003), 
while no difference was observed between SD patients and 
the responders group (0.94-fold change, p = 0.6 and 0.95-
fold change, p = 0.8 for miR-34a-5p and miR-22-3p, respec-
tively). Statistically significant differences in ΔCt values 
of miR-34a-5p (p = 0.04) and miR-22-3p (p = 0.05) were 
observed between the responders group and PD patients 
(Fig. 3a). When SD patients were grouped together with 
PD patients (i.e., non-responders), no statistically significant 
difference was observed in ΔCt values of the miRNAs com-
pared to responders (Fig. 3b; miR-34-5p p = 0.58 and miR-
22-3p p = 0.71). However, when SD patients were grouped 
together with the responders group (i.e., clinical benefit), 
statistically significant difference was observed (Fig. 3c; 
miR-34-5p p = 4x10−3 and miR-22-3p p = 8x10−3). These 
results suggest that miR-34a-5p and miR-22-3p expression 
in TILs can differentiate between patients with and without 
clinical benefit from TIL-ACT treatment. This concurs with 
the different overall survival of SD patients from PD patients 
(Fig. 2f).

miR‑34a‑5p and miR‑22‑3p expression correspond 
with response and survival

Random Forest analysis of 500 trees fit to different samples 
of the data were generated, and the importance of each pre-
dictor to the model accuracy was aggregated over the trees. 
In the first approach (responders = (CR + PR); non-respond-
ers = (SD + PD)), the classification tree yields an empty deci-
sion model, implying that there are no statistical differences 
between the responders and non-responders groups in terms 
of miR-34a-5p and miR-22-3p expression level. In the sec-
ond (responders = (CR + PR); non-responders = (PD); SD 
excluded, therefore, n = 43) and third approaches (clinical 
benefit = (SD + CR + PR); non-clinical benefit = (PD), there-
fore, n = 57), the classification trees distinguishes respond-
ers/clinical benefit from non-responders/non-clinical benefit 
based on their miR-34a-5p (Fig. 4a) and miR-22-3p (Fig. 4b)
expression levels.

We next ran conditional inference trees on the entire set 
of variables. When predicting clinical benefit, we receive 
a 2-level tree, split on miR-34a. Other outcomes result in 
a singleton tree (no splits). However, as trees are corrected 
to multiple tests, the threshold for significance is negatively 
correlated with the number of variables. With small data, 
this limitation is likely to result in singleton trees. To over-
come this limitation, we further ran a Conditional Inference 
tree on the top variables extracted from the random forest 
model: miR-34a, miR-22, CD4 and CD8. While the resulted 
trees vary across samples, miR-34a consistently splits the 
trees fit for response excludes SD and for clinical benefit.

Due to the high correlation between the miRNAs (0.728, 
p < 0.00001, Fig. 4c), these decision trees are interchange-
able, meaning that either miRNA can be potentially used for 
classification, and the marginal contribution of one miRNA 
over the other is negligible.

The prediction accuracies of the trees 1 and 2 are given by 
the confusion matrices in Fig. 4a, b, respectively. The matri-
ces show the model classification compared to the actual 
patients groups (CR, PR, SD, PD). The first tree, split by 
miR-34a-5p, is shown to better distinguish PD patients from 
the other three groups (CR, PR, SD). The classification cor-
responds to cutoff value of 0.5. It should be noted that to 
determine a cutoff value, the data must be split into 3 sets: 
training (for model fitting), validation (for cutoff tuning), 
and test (for evaluation) [40], which is not feasible with the 
number of samples available (n = 57). Both trees were found 
to have only a single split (left or right leaf), and in all cases 
the proportions are close to either 0 or 1 (Fig. 4a, b). This 
concludes into a 2-piece linear ROC curve (Fig. 4d), imply-
ing that any cutoff in the mid-range would result in the same 
classification, and that the cutoff value of 0.5 is optimal for 
the data, as the only other alternative is to classify all obser-
vations as either responders or non-responders.

Interestingly, under both models, SD patients are classi-
fied as responders. This observation validates the approach 
to exclude SD patients from the analysis (or else, consider 
them together with responders). Under this approach, the 
most accurate model is given by the first tree. Whereas the 
type I error rate for this model is fairly high (0.52), the type 
II error rate is extremely low (0.05) with a strong Negative 
Predictive Value of 91.7%. That is, the model accurately 
predicts non-responders.

OS was measured from TIL infusion to death and PFS 
was measured from TIL infusion to documented disease 
progression or death. Kaplan–Meier OS and PFS analy-
sis on the terminal nodes of trees 4A and 4B are given 
in Fig. 4e, f. Patients with low expression of miR-34a-5p 
(ΔCt > 1.85) showed significantly increased OS (p = 0.003) 
and PFS (p = 0.001) than patients with high expression 
(ΔCt < 1.85) of the miRNA. No difference was observed in 
OS (p = 0.17) and PFS (p = 0.19) between patients with low 
expression (ΔCt > 5.67) or high expression (ΔCt < 5.67) of 
the miR-22-3p.

These results suggest that miR-34a-5p may serve as mark-
ers for predicting response and prognosis to TIL-ACT and 
that SD patients are considered as clinical benefit based on 
their miR-34a-5p expression levels.

miR‑34a‑5p and miR‑22‑3p regulate T cells 
cytotoxicity

We analyzed the phenotype and function of four TIL cul-
tures with high expression of miR-22-3p and miR-34a-5p 
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(miR-High), and four with low expression of these micro-
RNAs (miR-Low). The miR-High group expressed 5.1-fold 
and 2.5-fold of miR-22-3p and miR-34a-5p, respectively, 

than the miR-Low group (Supplementary Table 2). The 
miR-High group had a statistically significant higher pro-
portion of CD27 and a trend for higher CD8, as measured 

Fig. 3  miR-34a-5p and miR-
22-3p expression differentiates 
between patients with and 
without clinical benefit from 
TIL-ACT. miR34a-5p and 
miR-22-3p expression levels 
were assessed by qRT-PCR 
and normalized to SNORD48 
expression. Box plots of ∆Ct 
values are shown for each miR 
in a responders (CR+PR), SD 
and PD patients; b responders 
(PR+CR) vs. non responders 
(SD+PD) patients; c clinical 
benefit (PR+CR+SD) vs. non-
clinical benefit (PD) patients
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by flow cytometry. CXCR3 and CD25 were expressed at 
similar levels (Fig. 5a). Next, the TIL cultures were tested 
for cytotoxic activity against autologous melanoma cells. 
Remarkably, and in line with the results depicted in Figs. 3 
and 4, the miR-Low group exhibited a statistically significant 
higher cytotoxic activity than the miR-High group (Fig. 5b).

To test directly the effect of each microRNA, four Com-
mercially available mimetics of miR-34a-5p, miR-22-3p, 
miR-34a-5p + miR-22-3p or non-targeting controls were 
electroporated into TIL14. TIL14 is comprised > 97% 
CD8(+) T cells. Expression levels of miR-34a-5p and 
miR-22-3p, which reflect the gene transfer efficiency, were 
confirmed by qRT-PCR (Fig. 5c). TILs over-expressing 
miR-34a-5p or miR-22-3p persistently showed reduced 
cytotoxicity ability by 30–35%, as compared to control 
(Fig. 5d). Co-transfection of miR-34a-5p and miR-22-3p 
inhibited cytotoxicity at levels similar to those observed 
when only one of the miRNAs was over-expressed. To be 
able to compare between treated cells, cytotoxicity levels 

were normalized to the total number of TILs in each sample 
at the end of the assay. The calculated E:T in each well was 
between 2 and 3:1. Linearity of the cytotoxicity assay at 
different E:T ratios was confirmed (Fig. 5e). These results 
suggest that miR-34a-5p and miR-22-3p affect TILs cyto-
toxic activity and may serve as potential targets for improv-
ing TIL-ACT treatment. The full results for all individual 
experiments are depicted in Supplementary Table 3.

Phenotypic investigation of miR‑High and miR‑Low 
TIL cultures

The TIL cultures tested in Fig. 5B were analyzed for the 
expression of various cell surface markers, including 
immune checkpoints and activation markers, in addition 
to the markers described in Fig. 2 and Supplementary 
Table 1. Trends towards lower expression of CD28, and 
higher expression of CD27 and PD-1 were observed among 
the TIL cultures of the miR-Low group, as compared to the 

Fig. 4  miR-34a-5p and miR-22-3p expression predict response to 
TIL-ACT and overall survival. A classification tree with k-fold vali-
dation method was carried to distinguish Responders from Non-
responders based on patients’ a miR-34a-5p and b miR-22-3p expres-
sion levels. Both trees (1 and 2) fit the approaches of excluding SD 
patients from the classification analysis and re-adding them in the 
prediction stage and classifying SD patients together with CR+PR 

patients as Clinical Benefit. c Correlation between miR-22-3p and 
miR-34a-5p expression in X and Y axes, respectively. Expression val-
ues are ΔCT. Pearson’s r is shown. d Two-piece linear ROC curve 
determined by the proportions emanating from the classifications 
trees in a, b; e, f Kaplan–Meier analysis was performed on the termi-
nal nodes of the best decision tree models. All p values were 2-sided 
and statistical significance was set at p < 0.05
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miR-High group (Fig. 6a). The other tested markers did 
not exhibit any significant differences.

Next, RNA sequencing analysis was performed on 
seven of the TIL cultures (all but TIL-6). To better char-
acterize the T-cell states of miR-High and -Low TIL 
products, we examined gene expression of inhibitory and 
stimulatory immune checkpoints, cytolytic genes and 
naïve T-cell markers (Fig. 6b, Supplementary Table 4). 
Differential gene expression analysis revealed upregulation 
of the stimulatory checkpoints CD28 (p = 0.04) and ICOS 
(p = 0.04) in the miR-High group, whereas the inhibitory 
checkpoint LAG3 (p = 0.001), the stimulatory check-
point CD27 (p = 0.04) and the cytolytic score (p = 0.05) 
were upregulated in the miR-Low group (Supplementary 
Table 5).

Discussion

Several prognostic factors have been suggested for pre-
dicting response to TIL ACT, including number of cells 
infused, percentage of CD8 + CTL, specific T-cell sub-
types and markers following co-incubation of TIL and 
tumor cells such as IFN-ɣ secretion [41]. Whereas the role 
of several miRNAs in T-cell biology was studied exten-
sively [42, 43], their potential as predictors of response to 
cancer immunotherapy was hardly tested. Most efforts to 
identify predictive miRNAs signatures to cancer immuno-
therapy have focused on cancer cell-derived miRNAs, such 
as miR-222 that differentiates between patients with and 
without clinical benefit from Ipilimumab [33].

Fig. 5  miR-34a-5p and miR-22-3p regulate T-cell cytotoxicity. a Pro-
portion of different markers among miR-High and miR-Low TIL cul-
tures. b Specific killing of cognate melanoma cells by autologous TIL 
cultures from the miR-High or miR-Low groups. The left panel shows 
the average of all TIL cultures in each group. The right panel shows 
each individual TIL culture. X axis shows the Effector to Target ratio. 
c miR-34a-5p, miR-22-3p, both, or non-targeting mimics as control 
were electroporated into TIL14. Expression levels of miR-34a-5p and 
miR-22-3p was assessed by qRT-PCR and normalized to SNORD48 

expression. d 72 h following electroporation, mel14 cells were added 
to TILs and co-incubated for 18 h. Specific lysis of melanoma cells 
was assessed by LDH release. (E) Different numbers of mel14 cells 
were co-incubated with fixed numbers of TIL14 for 18 h. Specific 
lysis of melanoma cells was assessed by LDH release and linear-
ity of the cytotoxicity assay at different E:T ratios was assessed by 
 R2. Experiments were performed three times in quadruplicates. E:T 
stands for Effector to Target. *Denotes p<0.05, **denotes p<0.01
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Here we identified a specific miRNA signature within the 
TILs, affecting effectors function and not the tumor, which 
is strongly associated with response to TIL-ACT treatment. 
miR-22-3p and miR-34a-5p were differentially expressed 
between patients who responded to TIL-ACT and those 
whose disease progressed despite the treatment. Importantly, 
the expression of miR-34a-5p and miR-22-3p in SD patients 
was similar to their expression in the responders group 
(Fig. 3a). Of note, although previous studies showed higher 
percentage of CD8 + T cells in responders compared to non-
responders patients [17, 19], no correlation was observed 
between the percentage of CD8 + T cells and the expres-
sion levels of these miRNAs (Supplementary Fig. 2). This 
implies that the difference in miRNAs expression observed 
between the groups in this study is not due to differences in 
the proportion of CD8 + cells.

Classification models classified SD patients as respond-
ers, rather than non-responders (Fig. 4). The Disease Con-
trol Rate is a measure that collates CR, PR and SD, and is 
commonly reported in clinical trials, as SD can still confer 
survival benefit. In our cohort, the PFS of SD patients was 
more similar to the PFS of PD patients, but nevertheless, 
the overall survival of SD patients was dramatically differ-
ent than that of PD patients (Fig. 2). There were no signifi-
cant differences between the groups regarding subsequent 
therapies (Table 1). Although both miRNAs could predict 
response to TIL-ACT treatment, only miR-34a-5p was asso-
ciated with better OS and PFS in these patients, while miR-
22-3p expression showed no association. This may be due to 
additional, potential relevant effects of miR-34a.

The potential effect of miR-34a-5p and miR-22-3p on 
TIL activity was tested as a proof of concept by cytotoxicity 

Fig. 6  Phenotypic and transcriptomic analyses of TIL cultures. 
Immune phenotyping and gene expression of inhibitory and stimula-
tory immune checkpoints, cytolytic genes and naïve T-cell markers in 
TIL cultures categorized by miR-Group. a Heat-map of TIL expres-
sion of various cell surface markers, as measured by flow cytometry. 
Values denote the percentage of positive TIL cells in each culture 

with visual color scaling (red is high, green is low). The cell surface 
markers are indicated. Statistical significance was assessed with Stu-
dent’s t test; b heat-map of selected genes representing major T-cell 
status, as indicated in the figure, as measured by RNA sequencing of 
the transcriptome of TIL products. The statistical analysis is available 
in Supplementary Table 5
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assays. TIL cultures with high expression of the microR-
NAs exhibited reduced cytotoxic activity as compared to 
those with low microRNA expression. These two miRs 
were mostly co-expressed in our dataset (Fig. 4c). TIL from 
the miR-High group exhibited lower killing activity than 
the TIL from the miR-Low group (Fig. 5b). Phenotypic 
analysis of these cultures point on a trend for higher PD-1 
and CD27, as well as lower CD28 expression among the 
miR-Low group (Fig. 6a). RNA sequencing confirmed the 
differences in CD27 and CD28, and further added higher 
expression of LAG3 and overall cytolytic score among the 
miR-Low group (Fig. 6b and Supplementary Table 5). The 
combined transcription and immune phenotyping analyses 
concur with each other, as well with the functional cytotox-
icity results. High PD-1 expression is indicative of termi-
nally exhausted T cells [44], which are known to co-express 
Tim-3 and Lag-3 [45] and exhibit higher cytotoxic activity 
[46]. Thus, it could be speculated that the low expression of 
miR-34a-5p and miR-22-3p is associated, or could contrib-
ute to, the T-cell status of terminal effector differentiation. 
The main limitation is the low number of analyzed cultures.

Moreover, direct transfection of these miRNAs induced 
a reduction in cytotoxicity capacity in vitro (Fig. 5c, d). 
These results could partially explain the clinical outcome 
of PD patients who express higher levels of these miRNAs. 
Co-expression of both miRNAs did not demonstrate addi-
tive or synergistic effect over each of the individual miR-
NAs, suggesting an effect through the same pathway, acting 
redundantly. These results are in accordance with the high 
correlation between these miRNAs as well as with the clas-
sification trees of miR-34a-5p and miR-22-3p, which are 
interchangeable (Fig. 4a, b).

miR-34a, a direct target of p53, is a well-known tumor 
suppressor which is inactivated in many cancers [47]; how-
ever, it is contribution to CD8 + T-cell biology is largely 
unknown. miR-22 is ubiquitously expressed in various tis-
sues and can act both as a tumor suppressor and an oncogene 
in various cell types [48], and like miR-34a, its role in T-cell 
biology is largely unknown. Cobb et al. showed that miR-22 
is preferentially expressed in regulatory T cells compared to 
conventional CD4 T cells [49]. We, therefore, used TargetS-
can and Toppgene (https ://toppg ene.cchmc .org/enric hment 
.jsp) algorithms to find predicted targets and pathways (Sup-
plementary Fig. 3). Our analysis proposes two general path-
ways – TGF-β pathway and Notch signaling. Both pathways 
have been reported to be immune regulators. It was shown 
that Notch signaling controls IFN- γ production of naïve and 
effector T cells, and whereas it is crucial for lytic functions 
of naïve T cells, it is not required for the cytolytic activ-
ity of established effector CD8 + cells [50]. In vivo studies 
showed a critical role for Notch1 and Notch2 in antitumor 
CD8 + T-cell responses and suggested the use of transgenic-
Notch1 intracellular domain in activated CD8 + T cells to 

improve immunotherapy efficacy [51]. TGF-β controls 
immune homeostasis by regulating activation, proliferation, 
differentiation and function of many immune cell types. Sev-
eral studies have shown that TGF-β suppresses CD8 + T-cell 
activation, proliferation and cytotoxicity, thus promoting 
tumor immune escape [52]. It is still unclear what is the 
total effect of the microRNAs on the TGFβ pathway output, 
and it remains to be investigated.

Overall, this work suggests that miR-34a-5p and miR-
22-3p may serve as biomarkers for predicting response to 
TIL-ACT. Larger independent series are warranted to con-
firm these results. The ability to predict response prior to 
administration of TIL will minimize ineffective treatment, 
thereby reducing costs and patients` suffer. The drawback 
of this study is the use of TILs from the final infusion bag. 
Future prospective analyses could be performed with TILs 
prior to their ex vivo expansion or at least during days 6-7 or 
the rapid expansion process. This could aid the Go/No-Go 
decision whether to continue with the pre-conditioning regi-
men with high dose chemotherapy.
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