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Adoptive cell transfer therapy with ex vivo 
primed peripheral lymphocytes in combination 
with anti-PDL1 therapy effectively inhibits 
triple-negative breast cancer growth 
and metastasis
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Abstract 

Background Adoptive cell transfer cancer immunotherapy holds promise for treating disseminated disease, yet gen-
erating sufficient numbers of lymphocytes with anti-cancer activity against diverse specificities remains a major 
challenge. We recently developed a novel procedure (ALECSAT) for selecting, expanding and maturating polyclonal 
lymphocytes from peripheral blood with the capacity to target malignant cells.

Methods Immunodeficient mice were challenged with triple-negative breast cancer cell lines or patient-derived 
xenografts (PDX) and treated with allogeneic or autologous ALECSAT cells with and without anti-PDL1 therapy 
to assess the capacity of ALECSAT cells to inhibit primary tumor growth and metastasis.

Results ALECSAT mono therapy inhibited metastasis, but did not inhibit primary tumor growth or prolong survival 
of tumor-bearing mice. In contrast, combined ALECSAT and anti-PDL1 therapy significantly inhibited primary tumor 
growth, nearly completely blocked metastasis, and prolonged survival of tumor-bearing mice.

Conclusions Combined ALECSAT and anti-PDL1 therapy results in favorable anti-cancer responses in both cell line-
derived xenograft and autologous PDX models of advanced triple-negative breast cancer.
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Background
Adoptive cell transfer (ACT) therapy using either 
chimeric antigen receptor (CAR) T cells or ex  vivo 
expanded tumor infiltrating lymphocytes (TILs) has 
shown immense potential in oncology [1–4], but the 
application of either strategy as a common cancer 
therapy remains challenging. CAR T cell therapy is 
limited by its monospecific reactivity, which promotes 
the outgrowth of antigen-negative variants and addi-
tionally carries the risk of on-target off-cancer toxicity. 
Consequently, this therapy is primarily used for treat-
ment of hematologic cancers [5], although recent data 
also demonstrates promising potential in the context of 
solid cancers [6]. TIL cultures can be generated from 
most cancers provided the tumor tissue is resectable 
and contains lymphocytes. However, melanoma is cur-
rently the only cancer type that consistently gives rise 
to cancer-recognizing TIL cultures [7]. Hence, accel-
erating the development of cellular therapies to lever-
age their potency and benefit more patients is highly 
desirable. This is particularly critical in cancers with 
few therapeutic opportunities such as metastatic triple-
negative breast cancer (TNBC).

ALECSAT is a novel type of ACT therapy generated 
from blood by generation of proliferating antigen-pre-
senting  CD4+ T helper cells and exposing these cells to 
demethylating agents to induce expression and presenta-
tion of methylation-silenced gene products, such as can-
cer germ-line antigens. The modified antigen-presenting 
cells are subsequently used to selectively expand lympho-
cytes that respond to these antigens [8]. Preparation of 
ALECSAT can be accomplished through minimally inva-
sive intervention without restrictions regarding tumor 
location or lymphocyte content. ALECSAT was recently 
evaluated in patients with late-stage and newly diagnosed 
glioblastoma, respectively [8, 9] and was well tolerated. A 
subset of patients displayed tumor regression and accu-
mulation of ALECSAT cells at the relevant tumor sites, 
although overall survival was not improved.

Here, we evaluated the anti-cancer effect of ALEC-
SAT therapy in  vitro and in  vivo using a modified pro-
duction method for generation of ALECSAT cells called 
ALECSAT II  (AII). Recapitulating previous clinical tri-
als, we found suboptimal activity of ALECSAT as mono-
therapy. Importantly, the addition of anti-PDL1 greatly 
augmented anti-cancer activity translating into inhibited 
tumor growth, metastatic control, and prolonged survival 
in cancer cell line- and patient-derived xenograft (PDX) 
models of TNBC. The PDX models were established with 
tumor and immune cells from the same patients to con-
firm that the observed benefit was not an allogenic effect. 
This combined treatment strategy should be generally 
applicable for most cancers.

Methods
Cancer cell culture
The human TNBC cell lines MDA-MB-231 and MDA-
MB-468 were obtained from American Type Culture 
collection (ATCC). Cells were grown in Dulbecco’s modi-
fied Eagle medium (DMEM) AQmedia (Sigma-Aldrich, 
D0819), supplemented with 10% fetal bovine serum (FBS) 
and 1% Penicillin–Streptomycin (P/S).

Clinical samples
As part of a phase Ib clinical trial examining  AII in com-
bination with carboplatin and gemcitabine metastasis 
biopsies from three patients with TNBC were collected 
from 2019 to 2022 at the Odense University Hospital 
with informed consent. TNBC diagnoses were made by 
a trained histopathologist. This study was carried out 
according to the principles of the Helsinki Declaration 
and approved by the National Ethical Committee of Den-
mark (no. S-1906975).

Flow cytometry
Cells were blocked by human Fc block (BD, 564220) and 
stained with combinations of Pacific blue CD3 (SK7, Bio-
legend), FITC CD56 (TULY56, eBioscience), Alexa Fluor 
647 CD56 (NCAM, Biolegend), PE CD8 (SK1, Bioleg-
end), FITC CD4 (SK3, Biolegend), FITC CD45RA (HI100, 
Immunotools), FITC CD45RO (UCHL1, Immunotools), 
FITC mouse IgG2a (PPV-04, Immunotools), Alexa 
Fluor 647 CD62L (DREG-56, Biolegend) Alexa Fluor 
647 CD28 (CD28.2, Biolegend), Alexa Fluor 647 CD27 
(M-T271, Biolegend), Alexa fluor CCR7 (150503, BD), 
Alexa Fluor 647 CD107a (H4A3, Biolegend), Alexa Fluor 
647 PD1 (MIH4, BD), or Alexa Fluor 647 PDL1 (2340D, 
R&D systems). Cells incubated with anti-HLA-A2 anti-
bodies (551230, BD) were subsequently stained with 
an Alexa Fluor 488-labeled goat anti-human IgG (Life 
Technologies, A11013). Damaged cells were excluded by 
TO-PRO-3 staining (ThermoFischer, T3605) or LIVE/
DEAD™ Fixable Near-IR Dead Cell Stain Kit (ThermoFis-
cher, L10119). Data were analyzed using FlowJo software 
(version 10.8.0).

Lentiviral transduction
The generation of Luciferase 2 (Luc2)-expressing 
MDA-MB-231 cells has been previously described [10]. 
MDA-MB-468 cells were stably transduced by lentivi-
ral transduction. Briefly, the Luc2 expression plasmid 
(Addgene 75020) was prepared as lentivirus by calcium 
phosphate co-transfection HEK293T cells together with 
the packaging plasmids (pHIT60 and pCOltGaIV). Virus 
was harvested from the supernatant after 3 days, filtered, 
precipitated with polyethylene glycol (PEG) and resus-
pended in PBS. Cancer cells (5 ×  104) were supplemented 
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with lentivirus and 5 mg/mL polybren overnight and 72 h 
after infection, stably transduced cells were sorted based 
on expression of mCherry. HLA-A2+ MDA-MB-468 
cells were generated similar to the above described Luc2 
transduction but instead using the pMP71-HLA-0201-
His vector (Addgene, 108214). Sorting was based on 
binding of the anti-HLA-A2 antibody.

Co‑culture studies
Cancer cells (5 ×  103) were suspended in AIM V medium 
(Gibco, 12055–083) supplemented with 2% human 
serum and seeded in a white 96-well plate and allowed to 
attach for 2 h. Immune effector cells were subsequently 
added to the wells and incubated for 24 h at 37 °C. After 
incubation, cancer- cell viability was assessed by addi-
tion of D-luciferin (3  mg/ml in PBS) and luminescence 
was immediately measured using a Victor3 Multilabel 
Plate Reader. In some assays additional blockers were 
added, including anti-PD1 (pembrolizumab) and anti-
PDL1 (atezolizumab). Cancer-cell viability was calculated 
as: Viability = (sample – background)/(Cancer cells only 
– background) × 100%

Isolation of immune cells
CD3+ and  CD56+ cells were purified using the Dyna-
beads Untouched Human T cells (Invitrogen, 11344D) 
and the EasySep Human CD56 Positive Selection Kit II 
(Stem cell, 17,855), according to manufacturer’s instruc-
tions, respectively.

Degranulation assays
Cancer cells (1 ×  105) were suspended in growth medium 
(AIM V medium supplemented with 5% human serum). 
Effector cells (3 ×  105) were subsequently added together 
with growth medium supplemented with 2 μg/mL, Gol-
giStop (BD, 554724), or growth medium supplemented 
with GolgiStop and anti-CD107a. Upon 5  h incuba-
tion cells were harvested, stained and analyzed by flow 
cytometry.

In vivo experiments
All animal experiments were performed at the animal 
core facility at the University of Southern Denmark. Mice 
were housed under pathogen-free conditions with ad libi-
tum food and water. The light/dark cycle was 12 h light/
dark, with light turned on from 6 a.m. to 6 p.m. Housing 
temperature was 21 ± 1 °C and relative humidity 40–60%. 
Sample size was guided by previous experiments and pre-
liminary data. No animals were excluded from analysis. 
If not stated otherwise, no randomization was performed 
as treatment was given before tumor size could be reli-
ably determined. Investigators performing the experi-
ments were not blinded. Mice were acclimatized for 

2  weeks before initiation of experiments. A schematic 
outline of animal experiments was created using Bioren-
der.com.

Generation of patient‑derived xenograft (PDX) models
Female NOG (NOD.Cg-PrkdcSCIDIl2rgtm1Sug/JicTac, 
Taconic) mice were anesthetized and the fourth mam-
mary fat pad was surgically exposed and injected with 
50 μL of extracellular matrix (ECM) gel (Merck, E1270-
5). The mammary fat pad was subsequently opened, and 
a tumor piece (approximately 8  mm3) was implanted 
in the ECM gel. The mammary fat pad and skin were 
subsequently closed by internal and external stitches, 
respectively.

Comparison between injection routes
Female NOG (n = 5) or hIL15 NOG (NOD.Cg-Prkdc-
scid  Il2rgtm1Sug  Tg(CMV-IL2/IL15)1-1Jic/JicTac, Taconic) 
(n = 3) were injected with 1 ×  106 MDA-MB-231 cells into 
the fourth mammary fatpad. Three days later,  107  AII cells 
were injected intravenously. In parallel, separate mice 
were surgically transplanted with MDA-MB-231 tumor 
pieces into the mammary fat pat using the ECM gel 
(Merck, E1270-5) with (n = 3) or without (n = 3)  AII cells.

Primary tumor growth, spontaneous metastasis and survival
Female NOG mice were transplanted with fresh MDA-
MB-231 tumor pieces in ECM gel with or without 5 ×  106 
 AII cells or injected 1 ×  106 MDA-MB-231 cells in the 
mammary fat pad. Alternatively, female hIL15 NOG 
were transplanted with a PDX tumor piece in ECM. 
Autologous  AII cells (5 ×  106) were subsequently injected 
intravenously. Anti-PDL1 (200  μg Atezolizumab) were 
administered intraperitoneally on day 0, 3 and weekly 
until day 100 or termination of the experiment, which-
ever came first. Mice were sacrificed as tumors reached 
1.2 cm in diameter.

Experimental metastasis
Female hIL15 NOG mice were injected intravenously 
with 1 ×  106 MDA-MB-231 cells. Seven days later mice 
were injected with 5 ×  106  AII cells. Anti-PDL1 (200  μg 
atezolizumab) were administered intraperitoneally on 
day 0 and 3 and weekly until termination.

Tumor dissociation
Tumors were harvested for dissociation into single-cell 
suspensions using the Tumor Dissociation Kit, mouse 
(Miltenyi Biotec, 130–095-730) according to the manu-
facturer’s description. Briefly, tumors were cut in small 
pieces of approximately 2  mm in diameter and mixed 
with the dissociation cocktail and subsequently placed 
in the gentleMACS Dissociator. Upon dissociation, cell 
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suspensions were filtered using a 70  μm cell strainer 
(BD, # 352350), washed in DPBS and resuspended in 
2  mL of red blood cell lysing buffer (155  mm  NH4Cl, 
12 mm NaCO3, and 0.1 mm EDTA) and gently mixed for 
1 min at room temperature. Following 2 × wash in com-
plete DPBS, the single cells were counted and stained for 
flow cytometry.

RNA sequencing
RNA was purified using RiboZol (VWR) or TRI Reagent 
(Sigma-Aldrich) as previously described [11]. For tissues, 
this step included homogenization using 2.8  mm zirco-
nium oxide beads (Precellus) and a Precellus 24 homoge-
nizer (3 × 15 s, 6500 rpm). Purified RNA was prepared for 
sequencing on the Illumina NovaSeq 6000 Sequencing 
Platform using the NEBNext Poly(A) mRNA Magnetic 
Isolation Module (New England Biolabs, Herlev, Den-
mark, E7490L) and the NEBNext Ultra II DNA Library 
Prep Kit for Illumina (New England Biolabs, E7645L) 
with unique dual indexes according to the manufac-
turer’s instructions. The quality of raw sequencing reads 
was assessed using FASTQC (Babraham Bioinformatics, 
Braham Institute, Cambridge, Great Britain), and adap-
tor sequences were removed using the FASTX toolkit. 
Trimmed and filtered sequencing reads were aligned to 
the human (hg38) and mouse (mm10) genomes using 
Spliced Transcripts Alignment to a Reference (STAR) 
software with default parameters [12]. Tags in exons 
were counted using iRNA-seq [13]. Transcripts per mil-
lion were averaged in each treatment group and gene-set 
enrichment analysis, GSEA 4.3.2, software (Cambridge, 
MA, USA) was used to identify the enriched gene sets 
in the group treated with  AII and  AII in combination 
anti-PDL1.

T cell receptor sequencing
T cell receptor (TCR) sequencing was performed using 
the SMARTer Human TCR a/b Profiling kit (Takara 
635016) according to the manufacturer’s protocols. 
Libraries for both alpha- and beta-chain diversity 
were generated in the same experiment using 1  µg of 
total RNA as starting material. The TCR libraries were 
sequenced on an Illumina NovaSeq 6000 platform using 
read lengths of 150 bp read 1, 8 bp i7 index, 150 bp read 2, 
8 bp i5 index and 20% PhiX. Pre-processing of sequenc-
ing reads, UMI-based analysis, clonotype calling  and 
statistical analysis was performed using the Cogent NGS 
Immune Profiler Software v1.0 (Takara). Output from the 
Cogent Profiler was further processed in R.

Immunohistochemistry (IHC)
Tissue sections from the formalin-fixed and paraffin-
embedded tissue blocks were cut (3  µm). IHC-staining 

was performed on DAKO OMNIS from Agilent or 
BenchMark Ultra from ROCHE. Sections were initially 
deparaffinized and rehydrated prior to antigen retrieval 
by boiling in either Cell Conditioning 1 buffer (Ventana 
Medical Systems, 05279801001) for 48  min at 100  °C 
(PDL1, Ventana Medical Systems, SP142), 32  min at 
100 °C (CD3, Roche Diagnostics, 2GV6), 15 min micro-
wave (TEG buffer, DAKO), 32  min at 100  °C (CD8, 
Agilent Technologies, M710301-2, C8/144B (1:100)), 
32 min at 100 °C (pan-cytokeratin, Agilent Technologies, 
M351501-2, 1:100)) or target retrieval solution (Agilent 
Technologies, S236784-2) for 40  min at 97  °C (PDL1, 
Agilent Technologies, 22C3). Sections were incubated 
with primary antibody for 16 min at 36 °C (PDL1, SP142), 
40  min at 32  °C (PDL1, 22C3), 8  min at 36  °C (CD3), 
60  min at room temperature (CD11b), 32  min at 36  °C 
(CD8), or 24  min at 36  °C (pan-cytokeratin). Primary 
antibody binding was detected with either OptiView 
DAB IHC detection kit (760–700; Ventana Medical sys-
tems; PDL1 (SP142), CD3, CD11b, CD8, pan-cytoker-
atin) or Envision FLEX DAB (Agilent Technologies; 
PDL1 (22C3)) as chromogen. To prepare double stain-
ings of Ki67 and CD3, antigen retrieval was achieved 
by boiling in Cell Conditioning 1 buffer for 48  min at 
100  °C. Sections were incubated with primary anti-Ki67 
antibody (Roche Diagnostics, 30–9) for 12 min at 36  °C 
and detected by Optiview DAB IHC. Sections were sub-
sequently stained with anti-CD3 (Roche Diagnostics, 
2GV6) for 12  min at 36  °C and detected by ultraView 
Universal. All sections were counterstained with hema-
toxylin. Hematoxylin and eosin staining was performed 
on a DAKO Coverstainer (Agilent). Slides were scanned 
using a NANOZOOMER 2.0-HT Whole Slide Imager 
(Hamamatsu, San Diego, CA, USA). PDL1 immune cell 
positivity was scored by a trained pathologist based on 
the Ventana PD-L1 (SP142) assay.

Quantification of metastases
The NDP.view 2.3.14 software (Hamamatsu) annotation 
tool was used to markup full section and tumor area in 
lung and liver respectively. Metastatic load was calcu-
lated as tumor area / tissue area × 100%. Lesions/mm2 
was calculated as number of metastases / tissue area.

Quantification of immunohistochemical stained sections
The ImageJ software 1.53a was used to compare CD45, 
CD3 and CD11b density as well as PDL1 staining inten-
sity in primary tumors, livers, spleens, and lung metasta-
ses using the adjust color threshold function.

Generation of ALECSAT I (AI) and ALECSAT II (AII)
AI cells were prepared as previously described [8].  AII cells 
were prepared similar to  AI cells, but with the addition of 
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autologous dendritic cells at day 15 of culture. The rational 
for the addition of dendritic cells was provided by pre-
viously published data showing that dendritic cells can 
improve the process of immunization by providing “tonic” 
signals required for subsequent antigen stimulation [14, 
15]. This modification resulted in a significant increase of 
the total number of generated cells (up to 8–tenfold) with-
out changes in the principal characteristics of cells such as 
expression of the differentiation markers CD62L, CD27 and 
CCR7 (Fig. S1). The  AII procedure consists of four steps: 
(1) generation of mature dendritic cells; (2) co-culture of 
mature dendritic cells with lymphocytes with addition of 
IL2 leading to intensive proliferation of predominantly 
 CD4+ cells; (3) treatment of activated lymphocytes with the 
DNA demethylating agent 5-Aza-2’-deoxycytidine (5-aza-
CdR) leading to induction of the expression of variety of 
cancer  germline  antigens, and (4) co-culture of purified 
lymphocytes with the 5-aza-CdR-treated activated lym-
phocytes and fresh dendritic cells (immunization step). The 
employed cultivation medium for generation of dendritic 
cells consisted of serum-free AIM-V medium with addi-
tion of 2 mM L-glutamine. Cultivation of lymphocytes was 
performed in the same medium with addition of 2% autolo-
gous plasma-derived serum. Generation of dendritic cells 
was performed by culturing monocytes in the presence 
of GM-CSF and IL4 for 4 days with subsequent culturing 
of cells in the presence of IL1β (10 ng/ml), TNF-α (10 ng/
ml), IL6 (1000 IU/ml) and prostaglandin E2 (0.2 µg/ml) for 
2 days. Mature dendritic cells were cocultured with thawed 
lymphocytes for 7 days (days 6–13) with addition of 25 IU/
ml of IL2. After 7 days of coculture, lymphocytes were har-
vested and cultured for the additional 2 days (days 13–15) 
in the presence of 150  IU/ml of IL2 and 10 µm of 5-aza-
CdR. Thereafter, 5-aza-CdR-treated cells were washed and 
co-cultured with a new portion of intact lymphocytes and 
dendritic cells (ratio 10:10:1). IL2 and fresh medium were 
added at days 17, 20, 22 and 24. At day 26, cells were har-
vested and used for the experiments.

Statistical analysis
Data were analyzed using GraphPad Prism v.8 software 
and are represented as mean ± SEM or mean ± SD of inde-
pendent biological replicates. Statistical analyses were 
performed as described in the figures. Differences were 
considered significant based on P values (*, P < 0.05; **, 
P < 0.01; ***, P < 0.001).

Results
AII contains cancer‑eradicating T cells with unique 
phenotypes
The dose of tumor-reactive immune cells positively cor-
related with outcome in both mice and humans [16–18]. 
We therefore aimed at modifying the original ALECSAT 

 (AI) expansion protocol to increase cell numbers. Addi-
tion of dendritic cells at the beginning of the immuniza-
tion step (day 15) significantly increased the expansion 
efficiency without qualitative differences in terms of cell 
content and expression of immunological markers rel-
evant for adoptive cancer immunotherapy (Fig. S1a-b, 
P < 0.001). The highly expanded cell product (referred to 
as  AII) is composed of a mixture of natural killer (NK) 
and T cells  (NKAII and  TAII cells), both of which pos-
sess the ability to recognize and kill MDA-MB-231 
TNBC cells in  vitro (Fig.  1a-e and Fig. S1d-e). Analysis 
of individual  AII preparations generated from 10 healthy 
donors revealed comparable levels of  CD4+ and  CD8+ 
cells as well as a smaller population of  CD4−CD8− (DN) 
cells (Fig.  1f ). To further characterize the phenotype 
of the various cell types, the expression of CD45RO, 
CD45RA, CCR7, CD27, CD28 and CD62L was ana-
lyzed by flow cytometry. The majority of  AII cells were 
 CD45RO+CD45RA−, indicating that they had become 
activated during culture and acquired a central memory 
(CM,  CD62L+CCR7+CD27+) or effector memory (EM, 
 CD62L−CCR7−CD27±) phenotype (Fig. 1g and Fig. S1f ) 
[19]. Similar to  AI cells, the majority of  CD4+,  CD8+, 
and DN  TAII cells were  CD62L+CCR7−CD27±CD28± 
(Fig.  1h), indicating that they represent a phenotypi-
cally, and possibly functionally, novel type of T cells. To 
determine the width of the TCR repertoire of  TAII, we 
performed a TCR clonotype analysis of  AII preparations 
from two healthy donors. Each preparation contained 
thousands of TCR alpha and beta chains, with 10–20 
clones accounting for approximately 50% of the cells 
(Fig.  1i-j). Taken together, our studies demonstrate that 
 TAII cells exhibit a unique phenotype and are capable of 
recognizing cancer cells in vitro. An unexpected width of 
the TCR repertoire of  TAII cells was further observed.

The delivery route of AII cells greatly influences in vivo 
survival and expansion
We utilized the human TNBC model MDA-MB-231 to 
evaluate the in vivo anti-cancer activity of  AII cells. This 
model was selected based on the following parameters: 
1) robust tumor growth, 2) capacity to metastasize, 3) 
expression of the HLA-A2 allele, and 4) in  vitro recog-
nition by both  NKAII and  TAII cells. Despite the effective 
anti-cancer killing by  AII cells observed in  vitro, inhibi-
tion of tumor growth was undetectable in vivo when up 
to  107  AII cells were administrated intravenously, and 
autopsy revealed almost complete absence of tumor-infil-
trating  AII cells (Fig. S2). Others have demonstrated that 
in vivo vaccination and common gamma-chain cytokine 
support greatly enhance the activity of adoptively trans-
ferred T cells [16, 20]. To improve the tumor homing 
and survival of  AII cells we, in parallel, 1) transplanted 
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MDA-MB-231 tumor pieces into the mammary fat 
pad (MFP) and injected  AII cells intravenously in NOG 
mice (control), 2) co-transplanted MDA-MB-231 tumor 
pieces with  AII cells directly into the MFP (to enhance 
antigen-specific stimulation), or 3) transplanted MDA-
MB-231 tumor pieces into the MFP and injected  AII 
cells intravenously in NOG mice, which produce human 
IL15 (hIL15 NOG) to enhance common gamma chain 
support (Fig.  2a). The latter two strategies significantly 
enhanced the number of tumor-infiltrating  AII cells com-
pared to intravenous administration in NOG mice, where 
the number of tumor-infiltrating  CD45+ cells remained 

low (Fig. 2b-c, P< 0.05). Importantly, both strategies also 
enhanced  AII homing to distant organs such as spleen, 
liver and lungs, suggesting that  AII cells exerted full body 
immune surveillance (Fig. 2b-e, P < 0.05). In vivo expan-
sion of  TAII was indicated by co-staining IHC analysis 
showing proliferating  (Ki67+)  CD3+ cells in both liver, 
spleen and tumor (Fig.  2f ) and confirmed by TCR clo-
notyping analysis of the injected  AII cells and tumors 
(Fig.  2g, P < 0.001). There was also a tendency towards 
smaller tumor size in the two latter groups, but the dif-
ference did not reach statistical significance (Fig. S3a-
b). The paradoxical co-existence of  AII cells, with the 

Fig. 1 AII consists of phenotypically novel T cells with cancer-eradicating capacity. A Degranulation analysis of  AII upon 5 h culture alone, 
or with MDA-MB-231 cells, demonstrating degranulation of both  NKAII and  TAII cells. A representative of five experiments is shown. B-C 
Quantification of the degranulation of  NKAII and  TAII upon co-culture with MDA-MB-231 cells from five independent experiments presented 
as mean ± SD. D Cancer cell viability analysis (luminescence) following 24-h co-culturing with purified immune cell fractions. A representative 
of seven independent experiments is shown. Data is presented as mean ± SEM of triplicates. E Comparison of the  LD50 from the data presented 
in D. F Comparison of percentage of  CD4+,  CD8+, and DN  TAII cells in 10  AII preparations evaluated by flow cytometry. G Flow cytometry analysis 
of  AII cells showing expression of CD45RO, but not CD45RA. H Phenotypic analysis of  CD4+, CD8.+ and DN  TAII cells with regard to CD62L, CD27, 
CD28 and CCR7 expression determined by flow cytometry I-J TCR clonotype analysis identifying thousands of TCR alpha and beta chains in each  AII 
preparation. Preparations are dominated by 10–20 T cell clones. Statistical difference was determined using the paired t-test B-C and the Student’s 
t-test E. *0.05 > P ≥ 0.01, **0.01 > P ≥ 0.001
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Fig. 2 Injection route dictates anti-cancer activity of  AII therapy. A Schematic outline of the three investigated conditions of animal experiments. B 
On day 27 tumors and organs were excised and analyzed by IHC. Panels show representative images of tumors, livers and spleens stained for CD45, 
demonstrating higher CD45 levels in all tissues for both hIL15 NOG, i.v. and NOG, MFP conditions compared to NOG, i.v. Primary tumor expansion 
for this animal experiment is shown in Fig. S3. n = 5 (NOG, untreated), n = 5 (NOG, i.v.), n = 3 (NOG, MFP), n = 3 (hIL15 NOG, i.v.) C-E Quantification 
of the immune cell density  (CD45+) in tumors, livers and spleens, respectively. F Same as in B, but co-stained for CD3 (red) and Ki67 (brown). White 
arrows indicate proliferating (double positive) cells. G TCR alpha and beta chain analysis comparing the frequencies of the 50 most prevalent chains 
in tumors with their frequency prior to administration, showing selective expansion of these clones. H Cancer killing assay as in Fig. 1d showing 
no added benefit of blocking PD1 or PDL1 (10 μg/mL). I Flow cytometry analysis of the PD1 level of  CD4+ and  CD8+  AII cells in culture and in tumors, 
demonstrating increased PD1 expression in tumors. Numbers indicate geometric mean fluorescence intensity. J Same as in B but stained for PDL1 
showing increased PDL1 expression in tumors for both hIL15 NOG, i.v. and NOG, MFP conditions. K Quantification of PDL1 tumor expression. 
Statistical difference was determined by the Mann Whitney test C, D, E or the paired t-test G or Student’s t-test K. *0.05 > P ≥ 0.01, ***0.001 > P. Black, 
white and grey scale bar 250, 100 and 25 μm, respectively. i.v.; intravenous
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capacity to kill cancer cells, and viable cancer cells led us 
to hypothesize that the lack of response could be attrib-
uted to adaptive resistance mechanisms enforced by the 
tumors. Although blocking PD1 or PDL1 by itself did not 
affect the killing capacity in vitro (Fig. 2h), we noted that 
PD1 expression on  CD4+ and  CD8+  TAII cells increased 
following tumor infiltration (Fig. 2i). Furthermore, PDL1 
expression was higher in  AII-treated tumors compared 
to untreated tumors (Fig. 2j-k, P < 0.05). Taken together, 
these data demonstrate that the survival of  TAII cells is 
greatly enhanced by injection directly into the area of 
MFP surrounding the tumor or by hIL15 stimulation. 
Furthermore, our data indicate that  TAII cells are func-
tional in vivo and stimulate tumor PDL1 expression.

Combined AII and anti‑PDL1 therapy inhibits TNBC primary 
tumor growth
The enhanced cancer expression of PDL1 in  AII-treated 
tumors (Fig.  2j-k) prompted us to investigate whether 
blocking the PD1/PDL1 axis would support the thera-
peutic activity of  AII. For this purpose, we used the PDL1 
targeting antibody atezolizumab (Tecentriq), which is 
EMA-approved for PDL1-positive advanced TNBC [21, 
22]. Since atezolizumab monotherapy does not exert anti-
cancer activity in NOG mice (Fig. S4), we only included 
an anti-PDL1-treated or -untreated group in each experi-
ment. MDA-MB-231 tumor pieces were embedded with 
or without  AII cells from an HLA-A2+ donor into the 
MFP of NOG mice and treated weekly with anti-PDL1 
starting on the day of tumor transplantation. To assess 
the potential contribution of  TAII cells and  NKAII cells we 
included groups with purified  CD3+  AII cells with and 
without anti-PDL1 therapy. Tumors treated with either 
anti-PDL1,  AII and  CD3+ enriched  AII cells as monother-
apies expanded at similar pace (Fig.  3a-b). In contrast, 
anti-PDL1 in combination with  CD3+ enriched cells or 
 AII demonstrated significant tumor growth inhibition 
(Fig.  3a-b, P< 0.01). There was no significant difference 
in the effect of combined  AII and anti-PDL1 compared 
to combined  CD3+ enriched  AII cells and anti-PDL1, 
demonstrating that the effector population is within the 
 CD3+ population (i.e. not  NKAII cells). To investigate the 
robustness of these data we repeated the analysis using 
another two HLA-A2+ donors. As anticipated,  AII as 
monotherapy did not exert significant anti-cancer activity 
on primary tumor growth, while anti-PDL1 in combina-
tion with  AII demonstrated strong tumor growth inhibi-
tion (Fig.  3c-f, P< 0.01). Subsequent IHC analysis of the 
tumors that were not completely eliminated confirmed 
infiltration of  CD3+ cells in the groups receiving either 
 AII or  AII and anti-PDL1 as well as increased PDL1 tumor 
expression (Fig.  3g-h). To examine the changes induced 
by adding anti-PDL1 to the  AII therapy, we compared 

RNA expression levels of tumors treated with  AII and 
 AII in combination with anti-PDL1. As expected, tumors 
treated with the combination exhibited increased expres-
sion of pathways associated with T cell responses such as 
IL2-STAT5 signaling and IFNγ and TNFα responses (Fig. 
S5a). As expected, genes associated with Th1, but not 
Th2 or Th17, responses, were markedly increased (Fig. 
S5b). Taken together, these data demonstrate that treat-
ment with combined  AII and anti-PDL1 exerts anti-can-
cer activity on primary tumors by a  TAII cell-dependent 
mechanism.

Suppression of metastasis formation by AII therapy 
is potentiated by anti‑PDL1
We previously demonstrated that MDA-MB-231 cells 
develop spontaneous lung and liver, but not brain metas-
tases in the presence of allogeneic human leukocytes 
[23, 24]. Since  AII cells appeared to perform full body 
immune surveillance (Fig. 2b-e), we investigated whether 
the therapeutic effect shown in Fig. 3 for primary tumors 
also affected the formation of spontaneous metasta-
sis to the lungs. As expected, untreated mice and mice 
treated with anti-PDL1 presented with extensive lung 
metastases (Fig.  4a-b and Fig. S3). Remarkably,  AII as 
monotherapy and in combination with anti-PDL1 signifi-
cantly inhibited lung metastases (Fig.  4a-b and Fig. S6, 
P < 0.05). Indeed, across the three experiments only 23% 
(3/13) and 67% (8/12) of mice receiving  AII in combina-
tion with anti-PDL1 and as monotherapy, respectively, 
exhibited detectable lung metastases (Fig.  4c). In con-
trast, 100% of untreated mice (13/13) and 100% of anti-
PDL1 treated mice (6/6) presented with lung metastases, 
and these were generally much larger (Fig.  4a and Fig. 
S6). The amount of treatment-resistant lesions tended 
to be smaller in the combination group than in the  AII 
monotherapy group, although it did not reach statistical 
significance (Fig.  4d-f ). The anti-metastatic activity was 
retained in the  CD3+ -enriched fraction, indicating that 
T cells play a crucial role in limiting metastasis (Fig.  4f 
and Fig. S6). Since metastases appeared more sensitive 
to  AII mediated killing compared to primary tumors, we 
analyzed the extent of PDL1 expression and recruitment 
of myeloid cells. To our surprise, but consistent with our 
in  vivo observations, metastases expressed significantly 
lower amounts of PDL1 compared to primary tumors. In 
contrast, there were no significant differences between 
the extent of myeloid cell infiltration (Fig. 4g-h, P < 0.01). 
Taken together, these data demonstrate that  AII cells 
exert strong anti-metastatic activity independent of anti-
PDL1 therapy. The data further suggests that the extent 
of PDL1 expression limits anti-cancer activity, and that 
anti-PDL1 augments the beneficial effect.
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Next, we investigated whether the anti-metastatic 
activity was related to limiting the spread or to actively 
eliminating disseminated cells. IHC analysis of lung 
sections suggested the latter since  TAII cells homed to 
cancerous tissue in the lung (Fig.  5a). To examine this, 
we evaluated the efficacy of intravenously injected  AII 
towards established experimental metastases. In these 
experiments, hIL15 NOG mice were challenged with an 
intravenous injection of MDA-MB-231 cells and 7  days 
later were treated by  AII or combined  AII and anti-PDL1. 
Similar to the observations from the spontaneous metas-
tasis models, a strong anti-metastatic effect of  AII as 
monotherapy was observed, but addition of anti-PDL1 
significantly augmented the effect (Fig.  5b, P < 0.01). In 
the excised lungs, metastases were detected in all mice 
receiving  AII monotherapy, while no single cancer cells 
or metastases could be detected in the lungs of mice 
receiving combined  AII and anti-PDL1 therapy (Fig. 5c). 
Evaluating the livers revealed multiple liver metastases in 

100% (6/6) of anti-PDL1 treated mice and in 50% (3/6) of 
mice treated with  AII alone. In contrast, we detected no 
cancer cells in livers of 67% (4/6) of mice treated with the 
combination of  AII and anti-PDL1. The 33% (2/6) of mice 
presenting with detectable cancer cells only had solitary 
liver metastases (Fig.  5d-e). Compared to size-matched 
untreated liver metastases, the treatment-resistant 
metastases appeared less dense and extensively infil-
trated by  TAII cells (Fig.  5f ). Taken together, these data 
demonstrate that  AII cells can home to, detect and eradi-
cate established metastases, and that the anti-metastatic 
effect is significantly augmented by the addition of anti-
PDL1 therapy.

The combination of AII and anti‑PDL1 exerts anti‑cancer 
activity in autologous systems
To rule out that the anti-cancer activity observed in 
Figs.  3 and 4 was a result of allogeneic rejection, we 
created PDX models from patients with metastatic 

Fig. 3 Anti-PDL1 blockade enhances the therapeutic efficacy of  AII therapy. A Growth of orthotopically transplanted MDA-MB-231 tumors in female 
NOG mice treated with either anti-PDL1 (n = 6),  AII (n = 5),  AII in combination with anti-PDL1 (n = 5),  CD3+ enriched  AII cells (n = 4), or  CD3+ enriched 
 AII cells in combination with anti-PDL1 (n = 5). Tumor size is presented as mean ± SEM. B Excised MDA-MB-231 tumors from (A) with tumor masses 
presented as mean ± SD, demonstrating that combined  AII and anti-PDL1 exert anti-cancer activity, which is retained in the  CD3+ enriched fraction. 
C-F As in A-B but using two other HLA-A2 + donors, demonstrating anti-cancer activity of combined  AII and anti-PDL1 (donor 2: untreated (n = 8), 
 AII (n = 3), and  AII + anti-PDL1 (n = 3). Donor 3: untreated (n = 5),  AII (n = 5), and  AII + anti-PDL1 (n = 5). G Upon tumor excision tumors were analyzed 
by IHC. Panels show representative images of tumors stained for CD3 and PDL1 demonstrating tumor infiltration of  CD3+ cells in tumors treated 
with  AII and  AII in combination with anti-PDL1 as well as increased tumor PDL1 expression. H Quantification of the density of  CD3+ cells in tumors 
from C-F. In all experiments mice were administered 200 µg anti-PDL1 i.p. on day 0 and 3, followed by a weekly injection until termination. 
Statistical difference was determined by the Mann Whitney test B, F or Student’s t-test D, H, *0.05 > P ≥ 0.01, **0.01 > P ≥ 0.001, ***0.001 > P. NS, 
non-significant; a-PDL1, anti-PDL1. White scale bar 100 μm
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TNBC enrolled in the  AII clinical trial (clinical trial gov 
ID: NCT04609215) and treated these with autologous 
 AII cells (Fig.  6a). First, we co-implanted PDX A (PDL1 
expression on immune cells: < 1%) and autologous  AII 
cells into the MFP of NOG mice. Due to limited tumor 

material at the time of  AII generation, group sizes were 
limited to 3–4 mice per group. Intriguingly, 75% (3/4) 
mice receiving  AII in combination with anti-PDL1 did not 
display tumor outgrowth, whereas tumors in 100% (3/3) 
mice treated with anti-PDL1 alone and 75% (3/4) mice 

Fig. 4 Spontaneous metastasis formation is suppressed by  AII therapy. A Representative IHC panels of lungs stained for pan-cytokeratin from NOG 
mice transplanted with MDA-MB-231 tumor pieces and left untreated, treated with  AII or  AII in combination with anti-PDL1 demonstrating 
less cancer tissue in lungs treated with  AII and  AII in combination with anti-PDL1. Bottom pictures are enlarged versions of the black insert. Dotted 
lines represent tumor borders. Primary tumor expansion for this animal experiment is shown in Fig. 3c. B Quantification of spontaneous lung 
metastases from A presented as mean ± SD. C Quantification of mice presenting with lung metastases. Mice from three experiments are pooled. 
Primary tumor expansion for these animal experiments is shown in Fig. 3a, c and e. D-F Quantification of the density of treatment-resistant lung 
lesions in mice treated with  AII or  AII in combination with anti-PDL1. Primary tumor growth for these animal experiments is shown in Fig. 3a, c 
and e). Quantification of PDL1 levels G and myeloid tumor cell infiltration H on untreated and  AII treated primary tumors and matched lung 
lesions demonstrating higher PDL1 expression in primary tumors than in lung metastases, but comparable levels of  CD11b+ cells upon treatment. 
Statistical difference was determined by the Mann Whitney test A or Student’s t-test G and H, respectively *0.05 > P ≥ 0.01, **0.01 > P ≥ 0.001, 
***0.001 > P. a-PDL1, anti-PDL1. Scale bar 250 μm
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treated with  AII alone expanded (Fig. 6b-c). It is notewor-
thy that  TAII cells  (CD3+) were detectable in both spleen 
and liver as late as 150  days after administration when 
combined with anti-PDL1 (Fig. 6d), but not when admin-
istered as monotherapy. Although encouraging, these 
differences were not statistically significant. Thus, we 
repeated the experiment with larger groups and moni-
tored the survival of mice receiving mono or combination 
therapy. Combined  AII and anti-PDL1 conferred a statis-
tical survival benefit compared to  AII alone or anti-PDL1 
alone (Fig.  6e, P< 0.05). To confirm these findings, we 
established a second TNBC PDX model (PDX B, PDL1 

expression on immune cells: 4%) and found a similar sig-
nificant survival benefit of the combination therapy com-
pared to either of the monotherapies (Fig. 6f, P< 0.01). To 
investigate whether intravenously injected  AII cells would 
home to autologous cancer tissue, we also evaluated the 
activity in hIL15 NOG mice using the PDX B model. The 
hIL15 NOG mice began to develop graft-versus-host like 
symptoms after approximately 1 month and thus had to 
be terminated while tumors were relatively small. Nev-
ertheless, tumors of mice receiving the combination 
therapy expanded slower and were significantly smaller 
at endpoint compared to those treated with either 

Fig. 5 Established metastases are eradicated by  AII in combination with anti-PDL1. A Representative IHC analysis showing  CD3+  TAII homing 
to spontaneous lung metastases in NOG mice. B Quantification of lung metastases. Female hIL15 mice were challenged with an i.v. injection of  106 
MDA-MB-231 cells on day 0. On day 7, mice were treated with anti-PDL1 alone (n = 6),  AII alone (n = 6), or combined  AII and anti-PDL1 (n = 6).  AII 
and anti-PDL1 were administered i.v. and i.p., respectively. 200 µg anti-PDL1 were administered on days 7 and 10 and then once weekly. On day 29, 
mice were sacrificed, and organs were excised and used for IHC analysis. Mean is shown. C Quantification of the tumor lesions/mm2 of the lungs 
presented in B. mean ± SD is shown. D-E As in B-C, but for the tumor lesions/mm2 of liver sections. F Representative IHC analysis of size-matched 
tumor lesions in liver demonstrating extensive CD3  TAII cell infiltration in tumors of mice treated with combined  AII and anti-PDL1 vs those treated 
with anti-PDL1 alone. Statistical difference was determined by the Mann Whitney test B and D *0.05 > P ≥ 0.01, **0.01 > P ≥ 0.001, ***0.001 > P. NS 
non-significant, a-PDL1 (anti-PDL1). Black and white scale bar 500 and 50 μm, respectively
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Fig. 6 Combined  AII and anti-PDL1 exert enhanced anti-cancer activity in autologous PDX models. A Schematic outline for the generation 
of TNBC PDX models and evaluation of autologous  AII in these models. B Tumor growth of PDX A-derived tumors in female NOG mice treated 
with either anti-PDL1 alone (n = 3),  AII alone (n = 4) or combined  AII and anti-PDL1 (n = 4). C Mass of excised PDX A tumors from B. D IHC 
analysis of tumors 150 days post administration of  AII cells demonstrating survival of  CD3+  TAII cells in both tumor and spleen when co-treated 
with anti-PDL1. E Same PDX models as in B, but with larger groups: treated with anti-PDL1 alone (n = 9),  AII alone (n = 9) or combined  AII 
and anti-PDL1 (n = 9). F Tumor growth of PDX B-derived tumors in female NOG mice treated with either anti-PDL1 alone (n = 5),  AII alone (n = 5) 
or combined  AII and anti-PDL1 (n = 5). G Growth of PDX B in female hIL15 NOG mice when treated with anti-PDL1 alone (n = 5), i.v.  AII alone (n = 5) 
or combined i.v.  AII and anti-PDL1 (n = 5). H Tumor mass of excised tumors from G. I IHC analysis of excised tumors from G, showing enhanced PDL1 
expression in  CD3+  TAII infiltrated tumors. J IHC analysis of excised tumors and spleen from G demonstrating  TAII homing to tumor and spleen. K 
Growth of PDX C in female hIL15 NOG mice when treated with anti-PDL1 alone (n = 7), i.v.  AII alone (n = 6) or combined i.v.  AII and anti-PDL1 (n = 7). 
L Mass of excised PDX C tumors from K. In all experiments mice were administered 200 µg anti-PDL1 i.p. on days 0 and 3 and then weekly until day 
100. Tumor size and tumor mass are presented as mean ± SEM and mean ± SD, respectively. Statistical difference was determined by log-rank 
(Mantel-Cox) test E and F, by the two-way ANOVA method followed by following Bonferoni’s multiple correction testing G and K, or by the Mann 
Whitney test I and L. *0.05 > P ≥ 0.01, **0.01 > P ≥ 0.001, ***0.001 > P. NS non-significant. Black, white, grey, and red scale bar 50, 500, 100, and 250 μm, 
respectively
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monotherapy (Fig.  6g-h, P< 0.05). As expected, tumors 
of mice treated with  AII alone or combined  AII and anti-
PDL1 exhibited enhanced PDL1 expression (Fig. 6i), sug-
gesting an  AII-mediated reactivity towards the tumor cell 
population. Furthermore,  AII cells were easily detectable 
in tumors and spleens demonstrating adequate tumor 
and lymphoid homing capacity (Fig. 6j). Finally, we gen-
erated a third TNBC PDX model (PDX C, PDL1 expres-
sion on immune cells: 2%), and evaluated the activity of 
autologous  AII cells in the hIL15 model. Consistent with 
the previous experiment, mice developed graft-versus-
host like symptoms after approximately 1 month. Tumors 
treated with  AII or  AII and anti-PDL1 expanded signifi-
cantly slower than anti-PDL1-treated tumors (Fig.  6k-l, 
P< 0.05). Taken together, these data demonstrate that 
 AII cells can home to cancer tissue and exert anti-cancer 
activity in autologous systems both when administered 
intravenously or directly into the MFP when combined 
with anti-PDL1. Further, our data indicates that even 
tumors with very low immune cell PDL1 expression on 
immune cells can benefit from combined  AII and anti-
PDL1 therapy. Finally, it suggests that blocking PDL1-
delivered signals can improve the survival of  AII cells.

Discussion
Immune checkpoint inhibition therapy has shown 
remarkable anti-cancer activity in highly immunogenic 
cancers like melanoma, lung and bladder cancer. How-
ever, the effect of checkpoint inhibition is complex and 
only approximately 10% of cancer patients respond ade-
quately to checkpoint therapy even though many have 
tumor-infiltrating T cells [25]. Thus, having the right 
amount of T cells with the necessary characteristics (e.g. 
capacity to recognize, kill, persist and evade suppression) 
is critical for therapeutic activity. In TNBC enhanced 
levels of TILs correlate with better survival [26–28]. 
However, the clinical benefit of blocking PD1/PDL1 in 
combination with chemotherapy is currently restricted 
to a small subset of TNBC patients [21, 22, 29], likely 
because the majority of patients generate insufficient 
numbers of tumor-reactive lymphocytes with the neces-
sary characteristics. We previously reported that tumor-
reactive lymphocytes can be generated from peripheral 
blood using the ALECSAT protocol [8]. Here, we extend 
this discovery by demonstrating how the complementary 
mechanisms of  AII and anti-PDL1 are necessary and suf-
ficient to obtain favorable anti-cancer immunity. Using 
mice xenografted with TNBC cell lines or TNBC PDX 
models, we demonstrate that combined  AII and anti-
PDL1 therapy limits tumor expansion, blocks metastasis 
and prolongs survival. Considering our findings in this 
study, it is recommended to also evaluate the safety and 
activity of combined  AII and anti-PDL1 therapy.

Metastases remain a major clinical challenge in oncol-
ogy, accounting for more than 90% of cancer-related 
deaths [30]. Remarkably, our work demonstrates that  AII 
alone inhibits the development of both spontaneous and 
experimental metastases despite being unable to control 
primary tumor growth. The beneficial effect of  AII cells 
on experimental metastases demonstrates that the effect 
is not just a result of limiting seeding, but that the  AII 
cells are capable of locating, identifying and eliminating 
established metastatic lesions. We cannot rule out the 
possibility that metastases established over longer peri-
ods of time can create a more suppressive tumor micro-
environment, thus limiting the effect of  AII cells, similar 
to what we have seen in the growth of primary tumors. 
To that end, it is encouraging that the anti-cancer activ-
ity of  AII cells towards both primary tumor growth and 
metastases is strongly enhanced when combined with 
anti-PDL1 therapy, and complete cancer eradication was 
seen in a small subset of mice. Nevertheless, it is likely 
that additional drug combinations will be necessary to 
achieve complete cancer eradication in a larger subset of 
mice.

The anti-cancer efficacy of ACT is directly related to 
the dose and inversely related to the differentiation state 
of T cells [16, 20, 31–37]. While higher and repeated 
doses of  AII cells are administered clinically, the differen-
tiation state of  AII cells is currently more difficult to con-
trol. Furthermore, the observed phenotype of  AII does 
not fall within the classical definitions of naïve, stem-
cell-like memory, central memory, effector memory or 
effector T cells, which makes it challenging to compare 
with the current literature. Nevertheless, we observed 
expression of CD27, CD28 and CD62L on many  TAII 
cells, which have been associated with clinical responses 
and high anti-cancer activity and persistence [20, 38–40]. 
Indeed,  TAII cells were detectable in a xenogeneic envi-
ronment more than 150 days after injection without any 
exogenous cytokine support and without causing notice-
able xenogeneic damage to the host, implying that  AII 
cells do not react against the normal tissue of the mice.

The anti-cancer activity of ACT therapy is also associ-
ated with the capacity to traffic to secondary lymphoid 
tissue. Indeed, LTα knockout mice, which (like NOG 
mice) develop disorganized white splenic pulp and lack 
peripheral lymphoid structures [41, 42], do not benefit 
from adoptive transfer of tumor-reactive central memory 
 CD8+ cells, whereas WT mice do [33]. Despite the com-
promised lymphoid tissue in NOG mice,  AII cells were 
able to survive, expand and cause cancer growth inhibi-
tion when administered in combination with anti-PDL1. 
It is tempting to speculate that the beneficial effect would 
have been even stronger in a host with functional lym-
phoid structures and endogenous adaptive immunity, 
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and without the limitations of xenogeneic trophic sup-
port [43]. The suboptimal trophic support and lack of 
lymphoid structures may provide an explanation for the 
dependency of injecting  AII cells directly into the MFP. 
We anticipate that the presence of  AII cells in the vicin-
ity of cancer cells immediately stimulates the release of 
trophic factors such as IL2, and that the systemic con-
centrations either become sufficient to keep  AII cells alive 
after leaving the tumor or, more realistically, that cancer-
stimulated  AII cells become independent or self-sufficient 
in providing such signals. It is well established that com-
mon gamma chain cytokine support positively impacts 
ACT therapy [16]. Administration of  AII in the vicinity 
of cancer cells in patients might be problematic, but our 
data suggests that this may in part be circumvented by 
co-administration of cytokines such as IL2 or IL15.

The most powerful anti-cancer responses were seen 
when MDA-MB-231 tumors were treated with allogeneic 
 AII cells from partially HLA-matched donors. Although 
a part of the response may originate from allogenicity 
rather than specific recognition of cancer cells, strong 
anti-cancer activity was also seen in all three PDX mod-
els treated with autologous (and hence HLA matched)  AII 
cells and anti-PDL1, demonstrating that allogenicity is 
not a requirement for cancer cell detection and destruc-
tion by  AII. Indeed, the accumulation of  TAII cells in 
tumor tissue, upregulation of tumor PDL1, and benefit of 
anti-PDL1 therapy are all consistent with  TAII cell-medi-
ated cancer inhibition.

We did not observe any toxicity with either  AII alone or 
in combination with anti-PDL1 in any of the NOG mice. 
It is important to acknowledge that xenogeneic studies 
may not be suitable for evaluating potential organ toxic-
ity issues. Notably,  AI and  AII has been administered to 
over 151 patients with various cancer types and no signs 
of toxicity have been reported. Additionally,  AII therapy 
in combination with carboplatin and gemcitabine is 
currently undergoing evaluation in a phase Ib trial for 
patients with metastatic TNBC (ClinicalTrials.gov ID: 
NCT04609215), and thus far there have been no indica-
tions of toxicity.

Despite the Impassion130 trial failing to show survival 
benefits of combined atezolizumab and nab-paclitaxel 
in advanced TNBC regardless of PDL1 status [22], the 
recent findings from the Keynote355 trial have demon-
strated that combined pembrolizumab and chemother-
apy improves overall survival in advanced TNBC patients 
who have a combined positive score (CPS) of ≥ 10 [29]. 
We anticipate that a high CPS reflects ongoing anti-can-
cer responses that are necessary for obtaining the clini-
cal benefit of blocking the PD1/PDL1 pathway [44]. Most 
encouragingly, our data strongly suggests that even in 
patients lacking sufficient anti-cancer immune responses, 

combined checkpoint blockade and tumor-reactive lym-
phocytes therapy, such as  AII, may be an attractive thera-
peutic strategy.

Conclusions
We identify combined ALECSAT and anti-PDL1 ther-
apy as a potent treatment for achieving a favorable anti-
cancer immune response in TNBC. Since anti-PDL1 is 
already approved and ALECSAT is under investigation 
for advanced TNBC, our findings have immediate trans-
lational relevance for patients with advanced TNBC.
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Additional file 1: Supplementary Fig. 1. The ALECSAT II expansion 
protocol generates a higher number of qualitatively comparable effector 
cells than the ALECSAT I expansion protocol. A‑B Comparison of the 
total number of generated ALECSAT cells using either the ALECSAT I or II 
expansion protocols, demonstrating a significant increase using the latter. 
C Comparison of the proportion of  CD4+ or  CD8+ T cells as well as NK 
cells in generated  AI and  AII products from five different donors, showing a 
slight increase in  CD4+ T cells. D‑E Cancer cell viability analysis (lumines-
cence) following 24-hour co-culturing with  AI or  AII cells generated in par-
allel from the same donors. Data is presented as mean ± SEM of triplicates. 
F Phenotypic analysis of  CD8+ T cells with regard to CD62L (n=5), CD27 
(n=5) and CCR7 (n=3) expression in  AI and  AII cells generated in parallel 
determined by flow cytometry. Statistical difference was determined by 
the paired t-test B or Student’s t-test C and F. *0.05 > P ≥ 0.01, ***0.001 > P    

Additional file 2: Supplementary Fig. 2.  AII cells perish upon i.v. injec-
tion in NOG mice. A Growth of orthotopically transplanted MDA-MB-231 
tumors in female NOG mice left untreated (n=8), treated with an i.v. 
injection of  106  AII cells (n=15) or  107  AII cells (n=15) on day 14. Tumor size 
was measured on day 13 and mice were randomized to treatment groups. 
A pool of two  AII donors is shown. Data is presented as mean ± SD. B On 
day 24, tumors from A were excised and tumor mass determined. Data 
is presented as mean ± SD. C IHC analysis of excised tumors from A and 
B showing lack of  CD3+ cells. Scale bar 100 μm. Statistical difference was 
determined by Students t-test B.
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Additional file 3: Supplementary Fig. 3. hIL15 stimulation or injec-
tion of  AII cells in the vicinity of tumors is insufficient to inhibit tumor 
growth. A Growth of MDA-MB-231 tumors in female NOG and hIL15 
NOG mice. Cancer cells were either injected in suspension or small tumor 
pieces were transferred into the MFP as indicated in the figure legend. 
Mice challenged with MDA-MB-231 cells in suspension were either left 
untreated (n=5) or treated with an i.v. injection of  107  AII cells on day 3 and 
9 (n=5, NOG and n=3 hIL15 NOG). Mice receiving MDA-MB-231 tumor 
pieces were either left untreated (n=3) or treated with an injection of 
 107  AII directly into the same MFP as the tumor piece on day 0 and an i.v. 
injection of  107  AII cells on day 9 (n=3). Tumor size is presented as mean 
± SEM. B MDA-MB-231 tumors were excised on day 29 and tumor mass 
were measured and presented as mean ± SD. Statistical difference was 
determined by the Mann Whitney test B.   

Additional file 4: Supplementary Fig. 4. Anti-PDL1 therapy is ineffective 
as monotherapy in NOG mice. A Growth of orthotopically-transplanted 
MDA-MB-231 tumors in female NOG mice left untreated (n=4) or treated 
with anti-PDL1 (n=4). (B) On day 33, tumors from A were excised and 
tumor mass determined. Data is presented as mean ± SD. Quantification 
of spontaneous lung C and liver D metastases from A presented as mean 
± SD. Statistical differences were determined by the two-way ANOVA 
method following Bonferoni’s multiple correction testing A or the Stu-
dent’s t-test B-D, respectively *0.05 > P ≥ 0.01, **0.01 > P ≥ 0.001, ***0.001 
> P. a-PDL1, anti-PDL1. 

Additional file 5: Supplementary Fig. 5. Cancer control is associated 
with T cell activity. A Enrichment plots of significantly enriched gene 
sets in tumors treated with  AII in combination with anti-PDL1 compared 
to those treated with  AII as monotherapy showing strengthened T cell 
responses. B Comparison of selected genes associated with Th1 (green), 
Th2 (red) and Th17 responses (yellow) showing a consistent increase in 
Th1-, but not Th2- or Th17-associated genes. 

Additional file 6: Supplementary Fig. 6.  AII cells suppress spontaneous 
metastasis formation in NOG mice. A Quantification of spontaneous lung 
metastases from the animals presented in figure 3e presented as mean ± 
SD. B Representative IHC panels of lungs stained for pan-cytokeratin from 
A. Dotted lines represent tumor borders. C‑D As in A-B with primary tumor 
expansion shown in figure 3a. Statistical difference was determined by the 
Mann Whitney A or unpaired t-test C, respectively *0.05 > P ≥ 0.01, **0.01 
> P ≥ 0.001, ***0.001 > P. NS, non-significant; a-PDL1, anti-PDL1. Black 
scale bar 250.
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