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ABSTRACT
Background  Although antibodies blocking immune 
checkpoints have already been approved for clinical 
cancer treatment, the mechanisms involved are not yet 
completely elucidated. Here we used a λ-MYC transgenic 
model of endogenously growing B-cell lymphoma to 
analyze the requirements for effective therapy with 
immune checkpoint inhibitors.
Methods  Growth of spontaneous lymphoma was 
monitored in mice that received antibodies targeting 
programmed cell death protein 1 and cytotoxic T 
lymphocyte-associated protein-4, and the role of different 
immune cell compartments and cytokines was studied by 
in vivo depletion experiments. Activation of T and natural 
killer cells and the induction of tumor senescence were 
analyzed by flow cytometry.
Results  On immune checkpoint blockade, visible 
lymphomas developed at later time points than in 
untreated controls, indicating an enhanced tumor control. 
Importantly, 20% to 30% of mice were even long-term 
protected and did never develop clinical signs of tumor 
growth. The therapeutic effect was dependent on 
cytokine-induced senescence in malignant B cells. The 
proinflammatory cytokines interferon-γ (IFN-γ) and tumor 
necrosis factor (TNF) were necessary for the survival 
benefit as well as for senescence induction in the λ-MYC 
model. Antibody therapy improved T-cell functions such 
as cytokine production, and long-time survivors were 
only observed in the presence of T cells. Yet, NK cells 
also had a pronounced effect on therapy-induced delay 
of tumor growth. Antibody treatment enhanced numbers, 
proliferation and IFN-γ expression of NK cells in developing 
tumors. The therapeutic effect was fully abrogated only 
after depletion of both, T cells and NK cells, or after 
ablation of either IFN-γ or TNF.
Conclusions  Tumor cell senescence may explain why 
patients responding to immune checkpoint blockade 
frequently show stable growth arrest of tumors rather 
than complete tumor regression. In the lymphoma model 
studied, successful therapy required both, tumor-directed 
T-cell responses and NK cells, which control, at least 
partly, tumor development through cytokine-induced tumor 
senescence.

BACKGROUND
The advent of immune checkpoint blockade 
(ICB) has revolutionized immunotherapy 
of various types of malignant disease in the 
clinics. The underlying rationale is to rein-
vigorate tumor-reactive T cells, which have 
been silenced or exhausted in the tumor 
microenvironment.1

It is well established that T-cell inhibitory 
molecules such as programmed death-1 
(PD-1) or cytotoxic T lymphocyte-associated 
protein-4 (CTLA-4) are frequently upregu-
lated on tumor-infiltrating lymphocytes on 
chronic stimulation, thereby suppressing 
stimulatory signals ignited by T-cell receptor 
or CD28 engagement.2–6 Blocking these 
immune checkpoints by using monoclonal 
antibodies (mAbs) harnesses T cells to attack 
cancer by reactivating functions like T cell-
dependent cytotoxicity.

Ipilimumab, nivolumab and pembroli-
zumab, which are directed against CTLA-4 
and PD-1, respectively, are used for clinical 
therapy of several types of cancer and have 
been proven to be highly effective in terms of 
prolonging patient survival, particularly when 
administered as a combination regimen.7–9 
Responding patients, however, rarely show 
complete tumor eradication, but rather 
retain residual malignant cells, whose growth 
seems to be stably arrested for years.9–12 This 
suggested that, beyond T cell-mediated cytol-
ysis, other mechanisms are also involved 
in conveying the therapeutic effect of ICB 
therapy.

Previous data indicated that tumor-specific 
CD4+ (Th1) cells producing interferon-γ 
(IFN-γ) and tumor necrosis factor (TNF) 
induce growth arrest of malignant cells.13 14 
It is further known that IFN-γ and TNF can 
activate the p16Ink4a-Rb and the p53-p21 
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signaling pathways,12 14 which induce cellular senescence, 
that is enduring cell cycle arrest, and that treatment with 
checkpoint-targeting mAbs promotes IFN-γ responses.12 
In line with these findings, the therapeutic potential of 
ICB required IFN-γ-mediated senescence induction in 
malignant cells that escaped from cytotoxicity, as revealed 
in two independent mouse models of endogenously 
arising cancer.12

Having shown that combined anti-PD-1 and anti-
CTLA-4 therapy but not treatment with single mAbs is 
highly effective in suppressing tumor growth in an endog-
enous B-cell lymphoma model,12 15 we set out to investigate 
which immune cell subpopulations are involved in medi-
ating the therapeutic success and the cytokine-dependent 
senescence induction in this model. We demonstrate that 
not only T cells, but also natural killer (NK) cells play a 
crucial role for therapy of lymphoma with anti-PD-1 and 
anti-CTLA-4 mAbs.

METHODS
Animal experiments
All mice used were housed under specific pathogen-
free conditions in our animal facility. Breeding of mice 
and all animal experiments were performed in accor-
dance with animal welfare regulations and approved by 
the responsible authority. Wild-type (wt) C57BL/6 mice 
were purchased from Taconic (Ry, Denmark), λ-MYC 
C57BL/6 mice were bred in our animal facility.15 Mice 
were sacrificed when they had visible tumors. All results 
were compared with untreated control mice.

For therapy, clinically unapparent λ-MYC mice received 
four intraperitoneal injections of a combination of 100 µg 
anti-PD-1 mAb (J43, Bio X Cell, West Lebanon, USA) and 
100 µg anti-CTLA-4 mAb (UC10-4B9, BioLegend, San 
Diego, USA) every 10 days starting at day 55 after birth.

Cytokine neutralization in vivo was performed with 
anti-IFN-γ mAb (XMG-1.2, Core Facility mAb, Helmholtz-
Zentrum München) or anti-TNF mAb (XT3.11, Bio X 
Cell). Intraperitoneal administration of these mAbs 
started on day 54 with an initial dose of 500 µg and was 
continued in 10-day intervals with 300 µg, 5–6 hour prior 
to the anti-PD-1/CTLA-4 mAbs injection. After day 85, 
mice received 150 µg anti-IFN-γ mAb or anti-TNF mAb.

Depletion of T cells in vivo was done by intraperitone-
ally injecting anti-MmTC mAb (2G5; Core Facility mAb, 
Helmholtz-Zentrum München)16 17 starting at day 54 with 
an initial dose of 1 mg. Subsequently, 400 µg anti-MmTC 
Ab were applied twice a week. NK cells were depleted by 
delivering 50 µg polyclonal anti-Asialo-GM1 Ab (eBiosci-
ence, San Diego, USA) or 100 µg TM-β1 (Core Facility 
mAb, Helmholtz-Zentrum München) intraperitoneally in 
weekly to biweekly intervals starting at day 54. Successful 
T-cell or NK-cell depletion was verified by staining spleno-
cytes with fluorochrome-labeled mAbs against CD4 and 
CD8 for T cells or NK1.1 for NK cells. The efficiency of 
depletion was >99%.

Fluorescence-activated cell sorting (FACS)
Spleens were dissected and homogenized via a 40 µm 
cell strainer in MEM (minimal essential medium). After 
rinsing with erythrocyte lysis buffer, meshing through a 
35 µm cell strainer and washing with PBS (phosphate-
buffered saline), splenocytes were analyzed by FACS.

T cells were stained with fluorochrome-labeled mAb 
against CD3 (17A2, BD, Heidelberg, Germany), CD4 
(RM4-5, eBioscience) and CD8 (53–6.7 and eBioH35-17.2, 
both eBioscience) for 30 min at 4°C. NK cells were defined 
as NK1.1+CD3−CD19− by staining for NK1.1 (PK136, BD), 
CD3 and CD19 (1D3, BD). NK cells were further charac-
terized with fluorochrome-conjugated mAbs against PD-1 
(J43, eBioscience) and CTLA-4 (UC10-4B9, BioLegend). 
Viable cells were identified by using the LIVE/DEAD 
Fixable Blue Dead Cell Stain Kit (ThermoFisher Scien-
tific, Waltham, USA). Intracellular detection of Ki-67 was 
done using anti-Ki-67 (SolA15, eBioscience), according to 
the manufacturer’s recommendations.

For analysis of intracellular IFN-γ and TNF, cells were 
stimulated for 4 hours with 1 µg/mL PMA (phorbol 
myristate acetate) and 1 µg/mL ionomycin (both Sigma-
Aldrich, Taufkirchen, Germany) in the presence of 3 µg/
mL Brefeldin A (eBioscience). After labeling of surface 
molecules (CD4, CD8, NK1.1), cells were fixed with IC 
Fixation Buffer (eBioscience), permeabilized with Perme-
abilization Buffer (eBioscience) and stained with anti-
IFN-γ (XMG-1.2, BioLegend) or anti-TNF (MP6-XT22, 
eBioscience) mAb, respectively. Cells were subsequently 
measured by flow cytometry on an LSR II instrument 
using DIVA software (both BD) and the results were 
analyzed with FlowJo software.

Analysis of senescence
FACS-based measurement of cellular senescence was 
done as described elsewhere.18 19 In brief, 106 spleno-
cytes were incubated with 100 nM bafilomycin A1 (Tocris 
Bioscience, Bristol, UK) in serum-free medium for 1 hour 
at 37 °C to increase the lysosomal pH value. Then, 5-do
decanoylaminofluorescein-di-β-galactopyranoside (C12-
FDG, Life Technologies, Frankfurt, Germany), which is 
a chromogenic substrate of senescence-associated β-ga-
lactosidase (SA-β-gal), was added at a final concentra-
tion of 50 µM, and cells were left for 1 hour at 37 °C for 
converting the substrate. Finally, cells were washed with 
PBS twice, stained for CD19 expression and viability and 
analyzed by FACS. Senescence was defined on the basis 
of high C12FDG and SSC (side scatter) signals. The gates 
were defined by using wt splenocytes. Senescence indices 
were calculated as the x-fold amount of SSC-A+ C12FDG+ 
B cells related to those from untreated λ-MYC animals.

To analyze senescence induction in vitro, 0.2×106 
lymphoma cells were seeded into wells of 96-well 
U-bottom plates and treated with control medium (5% 
FCS) or a cytokine cocktail containing various concentra-
tions of recombinant mouse IFN-γ and TNF (both Pepro-
Tech, Hamburg, Germany) for 24 hours at 37°C. Cellular 
senescence was detected as described above.
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Analysis of T-cell proliferation
96-well U-bottom plates were coated with 2 µg/mL anti-
CD3 (145-2 C11) and anti-CD28 mAb (37N; both from E 
Kremmer) and incubated overnight at 4°C. On the next 
day, plates were washed with PBS and RPMI (Roswell 
Park Memorial Institute) 1640 medium (10% FCS), and 
0.5×106 splenocytes—previously labeled with 10 µM Cell 
Proliferation Dye eFluor 450 (eBioscience)—were seeded 
into each well. The cells were incubated for 72 hours in 
RPMI 1640 medium (10% FCS) in the presence of inter-
leukin-2 (IL-2, 50 U/mL). The percentages of prolifer-
ating cells were determined by measuring the dilution of 
eFluor 450 and related to those obtained without CD3/
CD28 stimulation.

NK-cell function in vitro
NK cells were isolated from spleens of normal mice by 
immunomagnetic cell separation using the NK Cell 
Isolation Kit (Miltenyi, Bergisch-Gladbach, Germany). 
2×105 NK cells were incubated with YAC-1 cells in a 1:1 
ratio in RPMI 1640 medium for 45 hours in the pres-
ence of 20 ng/mL IL-15 (PeproTech). If necessary, anti-
CTLA-4 and anti-PD-1 mAbs were added to the culture 
at a concentration of 10 µg/mL each. PD-1 and IFN-γ 
expression of NK cells were then analyzed as described 
above.

To determine NK-cell degranulation in the presence of 
NK-sensitive target cells, NK cells were highly enriched 
from λ-MYC spleens and again incubated with YAC-1 cells 
in a 1:1 ratio together with Brefeldin A, Monensin and 
PE-labeled anti-CD107a mAb (clone 1D4B; BD). After 
5 hours, cells were counterstained with anti-NK1.1 and 
analyzed by FACS.

Statistical analyses
All results were expressed as means±SEM. The unpaired 
Student’s t-test or Mann-Whitney test was used to assess 
differences between two independent groups. Compari-
sons of three or more groups were performed with the 
two-way analysis of variance test followed by Bonferroni 

multiple comparison test. Survival curves of λ-MYC mice 
were compared using the log-rank test. Data analysis was 
performed with Prism V.5.0 software (GraphPad). The 
significance levels were depicted as follows: *p<0.05, 
**p<0.01 and ***p<0.001.

RESULTS
IFN-γ-dependent and TNF-dependent senescence induction 
in B cells is required for lymphoma control by immune 
checkpoint inhibitors
For studying therapeutic effects and mechanisms of 
immune checkpoint inhibition in B-cell lymphoma, we 
used the λ-MYC mouse strain, which harbors the c-MYC 
oncogene under the control of the B cell-specific immu-
noglobulin λ enhancer. These animals spontaneously 
develop malignancies, which are located in spleen and 
lymph nodes and mimic several features of human Burkitt 
lymphoma.15 Clinical symptoms of tumor growth become 
visible about 60 to 130 days after birth. In earlier disease 
stages, proliferation of malignant cells remains clinically 
undetectable. As soon as clinical symptoms appear, tumor 
masses grow so rapidly that mice have to be euthanized 
immediately and therapy cannot be started any more. 
Therefore, λ-MYC mice received a combined treatment 
with anti-CTLA-4 and anti-PD-1 mAbs starting before 
outgrowth of detectable tumor burdens.

Under treatment, (1) tumors developed significantly 
later and (2) up to 30% of mice even remained tumor-
free for >200 days or survived indefinitely (figure 1), as 
shown recently.12 Both effects were completely abrogated 
when either IFN-γ-depleting or TNF-depleting mAbs 
were given during therapy (figure 1). As shown before by 
using immunohistology, the tumors are infiltrated by T 
and B cells and other immune cells. However, the organ 
architecture is completely destroyed in diseased animals, 
whereas lymphoid organs from ICB-treated mice that 
remain healthy show a normal distribution of T and B 
cells and other immune cells.12

Figure 1  Effect of ICB therapy on tumor growth in λ-MYC mice. Animals received anti-PD-1 and anti-CTLA-4 mAbs as 
described in the methods section or were left untreated. Other groups were additionally injected with IFN-γ-neutralizing and 
TNF-neutralizing mAbs during therapy. Up to 15 mice were included in each group. For P values see Materials and methods 
section. CTLA-4, cytotoxic T lymphocyte-associated protein-4; ICB, immune checkpoint blockade; IFN-γ, interferon-γ; PD-1, 
programmed cell death protein 1.
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By immunohistochemical staining of markers like 
SA-β-gal and p16Ink4a in combination with Ki67, p21Cip1, 
pHP1γ and H3K9me3 (tri-methylated lysine residue 9 of 
the histone H3 protein, which is a senescence marker), 
we previously showed that IFN-γ and TNF can induce 
senescence, that is, stable growth arrest of malignant 
cells via the p16Ink4a and p21 pathway.12 Accordingly, ICB 
therapy did not confer a significant survival benefit in 
p21-deficient MYC mice.12 To study the cellular networks 
involved in ICB-mediated senescence induction in malig-
nant B cells, we now applied a novel approach that relies 
on flow cytometric detection of intracellular SA-β-gal 
activity (figure 2A).18 19 During combined anti-CTLA-4/
anti-PD-1 therapy, the frequency of senescent B cells 
significantly increased in spleens of tumor-developing 
mice (figure 2B), which confirmed the results obtained 
by immunohistochemistry. Like the ICB-induced survival 
prolongation of tumor-developing mice (figure 1), senes-
cence of B cells was also abrogated when either IFN-γ or 
TNF was neutralized in vivo during therapy (figure 2B).

The absence of senescence induction in lymphoma 
cells by depleting IFN-γ or TNF in vivo left the question 
unanswered whether the combined action of these cyto-
kines is sufficient to induce growth arrest. To address 
this issue, we performed in vitro experiments using 
λ-MYC mouse-derived B cells that were incubated with 

recombinant IFN-γ and TNF. As revealed by SA-β-galac-
tosidase activity, the presence of the cytokines alone was 
capable of inducing senescence (figure 2C).

T cells become activated during anti-CTLA-4/anti-PD-1 
treatment of B-cell lymphoma
In the next step, we set out to determine the sources of 
IFN-γ and TNF needed for tumor control and senescence 
induction in malignant B cells. Since T cells were origi-
nally described as the target of ICB, we first studied how 
the function of this population is affected during treat-
ment of λ-MYC animals. Even in spleens that were heavily 
infiltrated with tumor cells despite preceding anti-CTLA-4 
and anti-PD-1 therapy, the number as well as the prolifera-
tive capacity of both CD4+ and CD8+ cells were significantly 
increased in comparison to diseased, untreated λ-MYC 
animals (figure 3A,B). Importantly, cytokine expression, 
which was suppressed at least in spleen-derived CD8+ cells 
from λ-MYC mice, was enhanced by mAb treatment. The 
frequency of cells co-expressing IFN-γ and TNF signifi-
cantly increased in the CD4+ and to a lesser degree in the 
CD8+ compartment (figure 3C).

The data indicate that T cells were indeed stimulated by 
the immune checkpoint inhibitors and may be a source 
of those cytokines that were shown to induce senescence 
and prolonged survival.14 This T-cell activation seems to 

Figure 2  ICB-induced senescence in λ-MYC tumor cells. (A) Gating strategy for detection of intracellular SA-β-gal activity in 
B cells. Analysis of CD19+ cells from a wt mouse is shown as an example. (B) Senescence in CD19+ tumor cells derived from 
λ-MYC mice that were or were not treated with ICB mAbs. Part of the treated animals additionally received an IFN-γ-neutralizing 
or TNF-neutralizing mAb. The senescence index is defined as the x-fold amount of SSC-A+ C12FDG+ B cells related to those 
from untreated λ-MYC animals. Four to 12 animals were included in each group. (C) Senescence induction in lymphoma cells 
from a λ-MYC mouse in vitro 24 hours after incubation with varying concentrations of IFN-γ and TNF. Means and SEM from 
quadruplicates. ICB, immune checkpoint blockade; IFN-γ, interferon-γ; mAbs, monoclonal antibodies; SA-β-gal, senescence-
associated β-galactosidase; TNF, tumor necrosis factor.
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be functionally relevant because ICB-induced long-term 
protection beyond day 200 was completely abrogated 
when mice were depleted of T cells during therapy.12 
When monitoring the kinetics of tumor development 
under ICB therapy and T-cell depletion, however, we 
noted that the disease-free intervals of T cell-depleted 
animals did not differ from those ICB-treated mice that 
developed tumors in the presence of T cells (figure 3D). 
This suggests that, in addition to T cells, other cell types 
also contribute to ICB-induced tumor control.

NK cells play a pivotal role for tumor suppression by anti-
CTLA-4 and anti-PD-1 mAbs
We therefore analyzed the role of NK cells during 
therapy. It is well documented that NK cells of λ-MYC 
mice progressively lose effector functions like cytotox-
icity and IFN-γ expression during the course of disease 
development.20–23 Examining CTLA-4 and PD-1 expres-
sion on intratumoral NK cells, we found an upregulation 
of both molecules (figure 4A), hence an association with 
the before-mentioned compromised effector functions. 
Although the upregulation of CTLA-4 was not statisti-
cally significant, the data suggest that mAbs used for ICB 
therapy can directly bind to NK cells with impaired IFN-γ 
expression.

Since NK-cell effector functions in tumor-developing 
λ-MYC mice can be partly restored by several means,20 
we asked whether ICB therapy also reinvigorates NK 
cells. Compared with untreated control animals of the 

same age, spleen NK cells from mice that had received 
ICB therapy showed increased frequencies and enhanced 
proliferation, although the increment of the latter 
parameter was not statistically significant (figure 4B,C). 
Likewise, their cytolytic capacity as measured on the basis 
of CD107a expression in the presence of an NK sensitive 
cell line in vitro was slightly increased (figure 4D). It is 
known, however, that control of λ-MYC tumors does not 
necessarily correlate with NK-cell cytotoxicity but rather 
with IFN-γ production by NK cells.23 Indeed, the expres-
sion of IFN-γ, which was strictly required for tumor inhibi-
tion (figure 1), was elevated in NK cells after ICB therapy. 
In contrast, TNF production by NK cells remained unal-
tered (figure 4E).

To determine whether the upregulation of IFN-γ was a 
direct effect of blocking CTLA-4 and PD-1 on NK cells, 
purified NK cells were incubated with the programmed 
death-ligand 1 (PD-L1)-expressing cell line YAC-1 in vitro 
in the presence of anti-CTLA-4 and anti-PD-1 mAbs. In 
this setting, IFN-γ expression was significantly enhanced, 
indicating that other cell populations are not required 
for ICB-mediated IFN-γ induction in NK cells (figure 4F).

Only combined depletion of NK and T cells fully abrogates the 
therapeutic effect of ICB
As the ICB-induced prolongation of survival was reversed 
by IFN-γ ablation, we speculated that NK cells, whose IFN-γ 
expression was increased by anti-CTLA-4 and anti-PD-1 
mAbs, contribute to the therapeutic effect. Therefore, we 

Figure 3  Impact of ICB therapy on T-cell functions. (A) Numbers of CD4+ and CD8+ T cells, which are reduced in spleens 
of diseased λ-MYC mice, recover by ICB therapy. (B) The proliferative capacity of CD4+ and CD8+ T cells in spleens of tumor 
mice is restored after mAb treatment. Percentages of proliferating cells were measured after CD3/CD28 stimulation in vitro and 
related to those obtained without stimulation. (C) ICB therapy increases the expression of IFN-γ and TNF by CD4+ T cells. (D) 
In the absence of T cells, ICB therapy in λ-MYC mice fails to produce long-time survivors, but is still effective in delaying tumor 
development. Eleven to 15 mice were used in each group. CTLA-4, cytotoxic T lymphocyte-associated protein-4; ICB, immune 
checkpoint blockade; IFN-γ, interferon-γ; TNF, tumor necrosis factor.
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performed therapy experiments under selective deple-
tion of NK cells. In the absence of this cell population, 
tumor growth suppression was partly but not completely 
abrogated, thus confirming an important functional role 
of NK cells during therapy. In sharp contrast, ablation 
of both, NK cells and T cells fully abolished the ICB-
mediated protection against λ-MYC lymphoma (figure 5).

DISCUSSION
We could show that combined anti-PD-1 and anti-CTLA-4 
treatment is highly effective in treating B-cell lymphoma 
and that IFN-γ/TNF-mediated senescence induction 
in the malignant B cells contributes to the therapeutic 
success. Apart from other cytokine-dependent path-
ways leading to tumor growth inhibition,24–26 cytokine-
initiated senescence of cancer cells may explain why ICB 
in patients often leads to long-lasting growth arrest of 
metastases rather than to complete tumor eradication.9–14 
In the murine λ-MYC lymphoma model, we demonstrate 

Figure 4  Characterization of spleen NK cells from ICB-treated or untreated λ-MYC animals. (A) PD-1 and CTLA-4 expression 
on NK cells is increased in tumor-bearing animals as compared to wt mice. (B) The fraction of NK cells is augmented in spleens 
from λ-MYC mice that underwent ICB therapy. (C) NK cells from treated animals exhibit somewhat higher Ki-67 expression. (D) 
NK cells from treated animals show enhanced degranulation as indicated by increased CD107a surface levels after incubation 
with YAC-1 cells. (E) IFN-γ expression by NK cells, which becomes compromised during the course of tumor development, 
can partly be restored by ICB therapy. (F) IFN-γ expression by NK cells in the presence of YAC-1 cells in vitro is augmented 
when immune checkpoint inhibitors are added. CTLA-4, cytotoxic T lymphocyte-associated protein-4; ICB, immune checkpoint 
blockade; IFN-γ, interferon-γ; NK, natural killer; PD-1, programmed cell death protein 1; TNF, tumor necrosis factor.

Figure 5  Relevance of NK cells for the success of ICB therapy in λ-MYC lymphoma. Mice were treated with immune 
checkpoint inhibitors as described in Materials and methods section. Under simultaneous NK-cell depletion, tumor 
development is slightly delayed in comparison to the untreated controls, but the difference to this control group is no longer 
significant. Therapy is completely ineffective only in the absence of NK as well as T cells. Six to 15 mice were included in each 
group. CTLA-4, cytotoxic T lymphocyte-associated protein-4; NK, natural killer; PD-1, programmed cell death protein 1.
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that not only T cells are targets of anti-PD-1 and anti-
CTLA-4 treatment, but that NK cells also play a crucial 
role for mediating the therapeutic effect.

We earlier reported that the endogenous lymphoma 
model used here might be more suitable for analyzing 
tumor-immune interactions than transplantable 
models.20 21 The injection of high numbers of lymphoma 
cells seems to induce NK-cell cytotoxicity and strong IFN-γ 
expression and, eventually, CTL (cytotoxic T lympho-
cyte) responses. In contrast, an endogenously growing 
lymphoma progressively suppresses NK-cell and T-cell 
activity during the course of tumor development.20 21 
Since several pathways of immune escape observed in the 
λ-MYC model are therefore not used by transplantable 
tumors, we suppose that the therapeutic regimen used in 
our study might also be effective in the latter. Although 
the beginning of therapy cannot await the development 
of visible tumor masses (see Results section), the func-
tional data on T and NK cells reported here might also 
reflect the situation in clinically apparent tumors because 
(1) malignant cells were already present when therapy 
was started and (2) immune cells were also analyzed in 
those mice that had developed heavy tumor burdens 
despite preceding therapy.

In tumor-infiltrated spleens of λ-MYC mice, T cells 
were identified showing high PD-1 and CTLA-4 levels 
(T Riedel, F Ahmetlic, unpublished data, 2014) and 
impaired functional parameters (figure  3A–C). Interac-
tion with the ligand PD-L1, which is expressed by intra-
tumoral dendritic cells (DCs) and malignant B cells,27 28 
may therefore drive tumor-reactive T cells into an inac-
tive state. As predicted by the concept of reactivation of 
silenced or exhausted tumor-reactive T cells,6 treatment 
with immune checkpoint inhibitors improved T-cell 
functions like IFN-γ and TNF expression and prolifera-
tion induced by CD3/CD28 ligation (figure 3B,C). T-cell 
numbers were also increased (figure 3A), which can be 
explained by the ameliorated proliferative capacity. Of 
course, enhanced recruitment of T cells to the tumor 
site due to the increment of proinflammatory cytokines 
cannot be ruled out.

Here we found that this T-cell reactivation was not the 
only mechanism that was relevant for the in vivo outcome. 
Though long-time survivors could not be generated by 
ICB treatment when therapy was done in the absence of T 
cells, the survival times were still significantly prolonged as 
compared with untreated mice (figure 3D). After ablation 
of NK cells, by contrast, the survival benefit in comparison 
to untreated controls was no longer significant, although 
not fully abrogated. Therapy was completely ineffective 
only when ICB was performed under combined ablation 
of NK and T cells (figure 5).

Generally, activated NK cells are a major source of 
IFN-γ, which is necessary to direct T-cell differentiation 
towards Th1.29 30 In spleens of λ-MYC mice, NK cells 
become activated during tumor development but progres-
sively lose IFN-γ expression.20 21 However, their capability 
of producing IFN-γ can (at least partly) be restored by 

several stimuli in vivo, for example by Toll-like receptor 
agonists,20 DCs17 or alkalization of the tumor milieu,23 
strategies that also turned out to prolong survival of 
λ-MYC mice. Suppression of λ-MYC lymphomas always 
correlated with an increase of IFN-γ expression by NK 
cells,17 23 but not necessarily with their cytolytic capacity.23 
Likewise, tumor inhibition by using anti-CTLA-4 and anti-
PD-1 mAbs required the proinflammatory cytokines IFN-γ 
and TNF, which were critically needed for delay of tumor 
growth (figure 1) as well as for senescence induction in 
B cells (figure 2B). Direct tumor cell destruction by reac-
tivated NK cells cannot be precluded, because elevated 
CD107a levels were detected on NK cells derived from 
mAb-treated mice (figure  4D). An antimetastatic effect 
of NK cells induced by ICB was also reported in a recent 
paper, but in contrast to our study, this was only observed 
in combination with IL-12 treatment.31 Improved NK-cell 
functions were also described as a result of ICB-mediated 
reinvigoration of HIV-specific CD4+ T cells.32

As both NK cells and IFN-γ were necessary for tumor 
control and IFN-γ expression by NK cells was enhanced 
by the therapeutic mAbs, we assume that this cell popu-
lation, besides T cells, is a crucial source for this cyto-
kine, which subsequently triggers various immunologic 
and non-immunologic pathways. One of the pathways 
initiated by NK cell-derived IFN-γ eventually gives rise 
to antitumor T-cell responses.17 30 33 This may also occur 
during anti-CTLA-4 and anti-PD-1 therapy apart from 
direct mAb-induced T-cell activation. Another study 
indeed suggested that an NK/DC axis has impact on 
T-cell responses induced by ICB therapy.34 However, given 
the strongly compromised effect of ICB in mice whose 
senescence pathway was interrupted due to deficient p21 
signaling,12 cytokine-mediated senescence induction in 
malignant cells seems to be critically required for the 
control of λ-MYC lymphomas. The role of stable growth 
arrest may have even been underestimated because 
signaling via p16Ink4a, which also mediates senescence, 
had been unimpaired in the p21-deficient, mAb-treated 
mice.12

In clinical trials, PD-1 blockade has proven useful for 
therapy of human B-cell malignancies.35 However, no 
benefit was observed by combining PD-1 blockade with 
mAbs against CTLA-4.36 In the murine λ-MYC model, by 
contrast, only the combination but not treatment with 
single mAbs was effective.12 It remains unclear whether 
this difference may be related to the λ-MYC tumor entity 
reflecting human Burkitt lymphoma, which was not 
included in the clinical study mentioned above.

Taken together, resuscitated T cells produce elevated 
amounts of cytokines entailing tumor-suppressive effects 
like senescence of tumor cells, but they were not exclu-
sively responsible for the prolongation of survival. Thus, 
it is tempting to speculate that this compartment is more 
important for completely eradicating tumor cells that 
may have been driven into growth arrest before, thus 
providing definitive cure of the disease. Of course, there 
might exist other cell populations besides T and NK 
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cells that are critical for the therapeutic effect. Thus, we 
recently showed that DCs are also functionally modulated 
and thereby have impact on anti-tumor T-cell responses 
during ICB.37 In contrast, macrophages did not show 
phenotypic or functional changes during ICB treatment 
in an endogenous tumor model.12 Further analyses of 
the complex alterations of the cellular network during 
therapy with checkpoint inhibitors are warranted.
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