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Abstract
Background  Immune-related adverse events (IrAEs) are auto-immune reactions associated with immune checkpoint inhibitor-
based therapy (ICI). Steroids are currently the first-line option for irAE management; however, recent studies have raised 
concerns regarding their potential impairment of tumor-specific immune responses. In this study, we investigated the in vitro 
effects of commonly used irAE treatment drugs on the anti-tumor activity of tumor-infiltrating lymphocytes (TILs).
Methods  Impairment of anti-tumor immune responses by four drugs (antibodies: vedolizumab and tocilizumab; small 
molecules: mycophenolate mofetil and tacrolimus) reported to be effective in treating irAEs was tested at clinically relevant 
doses in vitro and compared to a standard moderate dose of corticosteroids (small molecules) or infliximab (antibodies). TIL 
responses against autologous tumor cell lines, in the presence or absence of irAE drugs, were determined by flow cytometry 
(short-term tumor-specific T-cell activation) or xCELLigence (T-cell-mediated tumor killing).
Results  None of the tested antibodies influenced T-cell activation or T-cell-mediated tumor killing. Low-dose mycophenolate 
and tacrolimus did not influence T-cell activation, whereas higher doses of tacrolimus (> 1 ng/ml) impaired T-cell activation 
comparably to dexamethasone. All tested small molecules impaired T-cell-mediated tumor killing, with high-dose tacrolimus 
reducing killing at levels comparable to dexamethasone-mediated inhibition. In addition, mycophenolate and tacrolimus 
alone also demonstrated anti-proliferative effects on tumor cells.
Conclusions  These data support clinical testing of targeted immune-regulatory strategies in the initial phase of irAE man-
agement, as a potential replacement for corticosteroids.
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Abbreviations
ICI	� Immune checkpoint inhibitors
IrAE	� Immune-related adverse events
TILs	� Tumor-infiltrating lymphocytes

TIRS	� Targeted immune-regulatory strategies
TME	� Tumor microenvironment

Introduction

Immunotherapy with checkpoint inhibitors (ICIs) has 
become one of the core pillars of cancer treatment [1]. 
ICIs block immunosuppressive axes [2], which homeostati-
cally promote immune tolerance [3], but facilitate immune 
evasion in the tumor microenvironment (TME). Hence, 
although boosting anti-tumor immunity, these treatments 
may cause immunotherapy-induced auto-immune reactions 
or “immune-related adverse events” (irAEs). Virtually, all 
organs and systems can be targeted by auto-immune attacks, 
resulting in a range of clinical manifestations, from mild 
reactions to life-threatening events [4]. As the number of 
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patients treated with ICIs is growing dramatically [5], irAEs 
are becoming increasingly common in clinical practice. Ster-
oids have historically been the mainstay of irAE manage-
ment [6], but in recent years, further investigation of targeted 
immune-regulatory strategies (TIRS) to counteract the detri-
mental effects of organ-specific auto-immune reactions has 
gained momentum. The most common TIRS for irAE man-
agement involve antibodies (i.e., infliximab, tocilizumab, 
and vedolizumab) or small molecule drugs (i.e., mycophe-
nolate or tacrolimus), the use of which is increasing [6]. 
Corticosteroids may not represent the best choice for irAE 
treatment, as their inhibitory effect on T cells could hamper 
tumor-specific immunity [7] and promote T-cell dysfunction 
in the TME [8]. This study aimed to investigate whether 
drugs commonly used for advanced clinical management 
of irAEs could affect tumor-specific T-cell activation and 
T-cell-mediated tumor killing in vitro.

Methods

Tumor‑infiltrating lymphocytes and tumor cell lines

Tumor-infiltrating lymphocytes (TILs) and autologous 
tumor cell lines (TCLs) were isolated and expanded as pre-
viously described [7], from stage IV melanoma biopsies, 
classified according to the American Joint Committee on 
Cancer (AJCC) 8th edition. Samples were obtained through 
enrollment in clinical trials at the Department of Oncology, 
Copenhagen University Hospital, Herlev, Denmark, and 
processed in the context of previously published studies [9, 
10]. These trials were approved by the Ethics Committee, 
Capital Region of Denmark and conducted in accordance 
with the Declaration of Helsinki and Good Clinical Prac-
tice. Patients signed an informed consent prior to enrollment. 
All procedures were performed in compliance with national 
regulations for biomedical research. The samples used in 
this study were selected based on the significant killing of 
autologous tumors compared to control (allogeneic TILs—
data not shown).

Drugs used for testing

T cells were co-cultured with autologous tumor cells in the 
presence of the following drugs commonly used for treating 
irAEs; 40 µg/ml vedolizumab (Takeda, Tokyo, Japan) [11], 
200 µg/ml tocilizumab (Roche, Basel, Switzerland) [12], 
0.02 µM dexamethasone (Sigma-Aldrich/Merck KGaA, 
Darmstadt, Germany; equivalent to maximum free blood 
level after repeated administration of 25 mg prednisolone 
[13]), 10 µg/ml infliximab (Hospira, Hurley, UK) [14], or 
200 µg/ml IgG1 k1 isotype (16-4714, eBiosciences, Thermo 
Fisher Scientific, Waltham, MA, USA). Unless otherwise 

specified, mycophenolic acid (M5255, Sigma-Aldrich/
Merck KGaA, Darmstadt, Germany), the active metabolite 
of mycophenolate mofetil, was tested at both 3.2 µg/ml (low 
dose), corresponding to the target blood concentration for 
clinical use [15], and at 32 µg/ml (high dose). To address 
the high variability of target tacrolimus concentrations in 
the blood, a range of clinically relevant tacrolimus (F4679, 
Sigma-Aldrich) concentrations (1, 5, and 10 ng/ml [16]), as 
well as a non-clinically relevant dose of 100 ng/ml, was used 
to depict a dose–response effect. Doses of tacrolimus are 
reported as low (1 ng/ml), intermediate (5 ng/ml and 10 ng/
ml), or high (100 ng/ml). Methylprednisolone is commonly 
used as an intravenous infusion for the treatments of irAEs, 
and a recent study demonstrated that distinct glucocorticoids 
may affect T-cell responses [17]. Hence, additional experi-
ments were conducted with 0.4 µM methylprednisolone 
(Sigma-Aldrich/Merck KGaA, Darmstadt, Germany; dose 
equivalent to dexamethasone 0.02 µM [18]). Dimethyl sul-
foxide (Capital Region of Denmark Pharmacy, DMSO) was 
used as a vehicle control for 20 µM methylprednisolone.

T‑cell activation and T‑cell‑mediated killing

Tumor-specific T-cell activation was assessed via 8-h autolo-
gous TIL-TCL co-culture assays (effector/target ratio = 3:1) 
and subsequent detection of CD107a, CD137, TNFα, and 
IFNγ using multiparameter intracellular cytokine staining 
(ICS) as described previously [7, 19]. T-cell activation was 
defined as the percentage of live CD8+ or CD4+ T cells 
identified by the Boolean gating “CD107a+ OR CD137+ 
OR TNFα+ OR IFNγ+” minus control.

T-cell-mediated killing was evaluated using the 
xCELLigence system RTCA SP real-time cell analyzer 
(00380601030, ACEA Biosciences Inc. San Diego, CA, 
USA) and E-plate 96 plates (05232376001, ACEA Bio-
sciences Inc.) according to the manufacturer’s instruc-
tions. The percentage of T-cell-mediated killing in the 
presence of the different drugs was normalized to the per-
centage of killing in the positive control (tumor + TILs or 
tumor + TILs + isotype), which was set to 100% killing (the 
maximum killing the TILs from each patient could perform). 
The effects of the different drugs on tumor cell viability were 
evaluated through the xCELLigence system by adding the 
drugs to the E-plate culture wells in the absence of T cells. 
Given the potential anti-proliferative or cytotoxic effects 
of the drugs on tumors, drug-mediated tumor killing in the 
absence of TILs was subtracted from overall tumor killing 
in the presence of TILs to remove this confounding factor.

Statistical analyses

Statistical tests were conducted using a paired Wilcoxon 
signed-rank test. Graphs and statistical analyses were 
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generated using Graphpad Prism 8. Negative values deriving 
from the subtraction of the control values from the experi-
mental values were converted to 0.01% for statistical analy-
ses and generation of figures. All values are expressed as the 
median. Tumor-specific T-cell activation in the presence of 
the IgG1 k1 isotype (200 µg/ml) differed less than ± 10% 
from tumor-specific T-cell activation in the absence of any 
reagent. Therefore, tumor-specific T-cell activation in the 
presence of vedolizumab, tocilizumab, and infliximab was 
compared to the T-cell activation in the absence of any 
reagent.

Results

The effects of TIRS on short‑term tumor‑specific 
T‑cell activation in vitro

No reduction of T-cell activation was observed in the pres-
ence of the antibodies vedolizumab, tocilizumab, and inf-
liximab (Fig. 1a, b). In contrast, although mycophenolate 
(both low dose and high dose, only results with low dose 
are shown) and low-dose tacrolimus did not impair T-cell 
activation (Fig. 1a, b), intermediate and high doses of tac-
rolimus reduced CD8+ (Fig. 1a) and CD4+ (Fig. 1b) T-cell 
activation to a similar or greater extent compared to dexa-
methasone. No difference was observed between either cor-
ticosteroid, dexamethasone, and methylprednisolone (Sup-
plementary Fig. 1).

The effects of TIRS on T‑cell‑mediated tumor killing 
in vitro

None of the tested antibodies influenced immune-mediated 
tumor killing (Fig. 2a, b). In contrast, all small molecules 
impaired tumor killing in vitro; the strongest effect being 
observed with high-dose tacrolimus, which was compara-
ble to dexamethasone (Fig. 2a, b). Representative real-time 
tumor-survival curves are shown in Supplementary Fig. 2a 
and b. To gain additional insights into the effects of tacroli-
mus, a titration was carried out, revealing dose-dependent 
effects between 1 and 100 ng/ml (Supplementary Fig. 3a, b). 
Representative survival curves of tumors exposed to TILs 
and distinct doses of tacrolimus are shown in Supplementary 
Fig. 3c. Dexamethasone and methylprednisolone exerted 
similar inhibitory effects on T-cell-mediated tumor killing 
(Supplementary Fig. 4).

Tumor‑cell viability is affected by TIRS in vitro

To assess the direct effect of TIRS on tumor growth, we 
measured tumor cell growth in the presence of the different 
drugs without T cells. Neither the antibodies nor dexametha-
sone inhibited tumor growth (Supplementary Fig. 5a, b). In 
contrast, both mycophenolate and tacrolimus (despite het-
erogeneous responses) impaired tumor growth (Supplemen-
tary Fig. 5a, b), and a peak reduction of 50% was observed 
for mycophenolate at 60 h, regardless of dose level (Supple-
mentary Fig. 5b). Representative real-time tumor-survival 
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Fig. 1   Effect of TIRS on T cell activation. The effects of various 
TIRS were evaluated with multiparameter intracellular cytokine 
staining after 8-h co-culture stimulation with autologous tumor cell 
lines, with a flow cytometry read-out. Black dots represent small mol-
ecules and empty dots represent antibodies. The background, TILs 
alone, was subtracted from the data and the data were normalized to 
tumor + TILs alone (visualized by the dotted line at 100%). The dot 

plots illustrate the effects of the drugs on CD8+ (a) and CD4+ (b) 
T cells. Tacrolimus, at 10 ng/ml and 100 ng/ml, and dexamethasone 
resulted in a significant reduction of CD8+ and CD4+ T-cell activa-
tion. Data are presented with median and tested for statistical sig-
nificance using a Wilcoxon matched-pairs test. *p value = 0.01–0.05; 
MPA mycophenolate, TAC​ tacrolimus, DXM dexamethasone, VDZ 
vedolizumab, TOC tocilizumab, IFX infliximab
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curves, including the tacrolimus titration, are shown in Sup-
plementary Figs. 3d, 5c and d.

Discussion

The clinical efficacy of multiple TIRS for irAE management 
is being investigated in numerous clinical trials [6]; however, 
very little is known regarding how strategies counteracting 
irAEs affect immune responses to cancer. Increasing evi-
dence indicates that the occurrence of irAEs may be a sign 
of ICI activity [20, 21], suggesting prolonged tumor control 
even after treatment discontinuation [22] and thus highlight-
ing the importance of administering a treatment that does not 
hamper T-cell function in the TME. To address these issues, 
we used a robust model reproducing TIL–tumor interactions 
to screen a number of drugs commonly used for irAE treat-
ment for their effects on both T cells and tumor cells. A 
moderate dose of corticosteroids (corresponding to an oral 
dose of 25 mg prednisolone) and a clinically relevant dose of 
infliximab, which we have previously shown not to affect the 
anti-tumor activity of TILs [7], were used as a benchmark to 
evaluate the effects of additional TIRS.

All the antibodies used (vedolizumab, tocilizumab, and 
infliximab) did not significantly affect T-cell activation and 
T-cell-mediated tumor killing. In addition, recent preclini-
cal data showed that TNF blockade may even contribute 
to strengthening anti-tumor immune responses [23], and a 
real-world study suggested that baseline corticosteroids may 
impair clinical outcomes after PD-(L)1 blockade [24]. These 

observations indicate that such antibodies may be a better 
therapeutic choice than corticosteroids. In contrast, another 
real-world study described a possible detrimental effect of 
TNF blockade on clinical outcomes following immuno-
therapy [25]. Prospective studies are needed to draw firm 
conclusions about the impact of corticosteroids and TNF 
blockade on clinical outcomes following immunotherapy. 
Steroid-sparing strategies using early infliximab/vedoli-
zumab [26] or tocilizumab (EudraCT no. 2018-002595-41) 
are already being investigated in the clinical setting.

Small immune-regulatory molecules currently represent 
a valid alternative to targeted antibodies in treating steroid-
refractory irAEs. Previously, these drugs were primarily 
employed in the management of ICI-induced hepatitis [6]. 
The administration of mycophenolate has historically been 
the TIRS of choice in steroid-refractory ir-hepatitis [6], and 
tacrolimus has also been used with success in similar set-
tings [27]. Our results showed that tacrolimus, especially 
when used at doses above 10 ng/ml, may impair anti-tumor 
T-cell activity in short-term assays. However, its net impair-
ment on T-cell-mediated tumor killing after prolonged 
cancer-immune interplay and at clinically relevant doses 
(1–10 ng/ml) was similar to that of mycophenolate. Based on 
these results, we recommend clinical trials of tacrolimus as a 
treatment for irAEs to maintain a circulating level of < 5 ng/
ml to reduce the risks of an involuntary inhibition of the 
anti-cancer mechanisms. Remarkably, the effect of 100 ng/
ml tacrolimus, a concentration almost ten times higher than 
clinical target levels when used to prevent transplant rejec-
tion [16], was comparable to the inhibition exerted by a 
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Fig. 2   Effect of TIRS on T-cell-mediated tumor killing. The effect 
of various TIRS on T-cell-mediated tumor killing was measured via 
real-time tumor-killing assays on the xCELLigence platform and 
evaluated after a 24 h and b 60 h of co-culture of tumor, TILs, and 
drug. Small molecules were normalized to the control “tumor + TILs” 
and are represented as black dots, whereas all antibodies were nor-
malized to the control “tumor + TILs + isotype” and are represented 
as empty dots. Controls are presented as a dotted line at 100%. a A 
significant reduction in T-cell-mediated killing was observed in the 

presence of dexamethasone after 24 h of co-culture. A trend of T-cell-
mediated killing reduction is also evident with increasing doses of 
tacrolimus. b A significant reduction in T-cell-mediated killing was 
observed in the presence of mycophenolate, tacrolimus, and dexa-
methasone after 60 h of co-culture. Data are presented with median 
and tested for statistical significance using a Wilcoxon matched-pair 
test. p values: *0.01–0.05, **0.001–0.01; MPA mycophenolate, TAC​ 
tacrolimus, DXM dexamethasone, VDZ vedolizumab, TOC tocili-
zumab, IFX infliximab
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concentration of dexamethasone equivalent to 25 mg oral 
prednisolone. Based on our previous results, higher doses 
of steroids, typically used for managing CTCAE grade 3–4 
irAEs, may result in even greater inhibition of tumor-specific 
T-cell activation [7]. As long as the efficacy of the small 
immune-regulatory molecules for treating steroid-refractory 
irAEs has already been proven multiple times in the clinic 
[4], our results support and represent a rationale to study 
the early use of these drugs as a valid alternative to steroids.

Importantly, both tacrolimus and mycophenolate 
appeared to impair tumor growth directly, demonstrating 
some intrinsic anti-cancer effects. However, the durability 
of clinical responses to immunotherapy is based on continu-
ous immune surveillance despite treatment interruption, as 
is the case during irAEs. Therefore, the role of these small 
molecules in tumor control may not be clinically meaning-
ful, given their limited administration duration. Moreover, 
Engl et al. demonstrated that mycophenolate may reduce the 
adhesion of tumor cells, which could confound the results 
of our xCELLigence analysis, as it relies on cell adhesion to 
estimate viability [28].

In conclusion, our data support a paradigm change in the 
clinical management of irAE towards steroid-sparing strat-
egies. Despite its limitations, our model offers a specific 
focus on T cells, the primary drivers of responses, indicating 
that all TIRS (antibodies, small molecules at certain doses) 
can maintain high levels of tumor killing, in contrast to 
corticosteroids. Clinical trials testing the early initiation of 
TIRS in the context of steroid-sparing strategies are highly 
warranted.
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