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Background: Blocking programmed cell death protein 1 (PD-1) has become a
standard cancer immunotherapy, increasingly used in kidney, liver, or heart
transplant recipients who develop skin cancer or hepatocellular carcinoma,
despite the increased risk of graft failure or rejection. The mechanism of action of
PD-1 blockade relies on stimulating CD8+ T cell activity, but its impact on humoral
immunity in general and on alloimmunization in particular remains uncertain.
Objective: The aim of this study was to investigate the impact on anti-PD-1
treatment on alloimmunization.

Methods: The effect of anti-PD-1 treatment on the generation of anti-HLA (Human
Leucocyte Antigen) antibodies was investigated in 72 patients with non-small cell
lung cancer vaccinated with an allogeneic plasmacytoid dendritic cell line (PDC*line;
six weekly injections), with or without pembrolizumab administered every three
weeks. The kinetics and functionality of the anti-HLA generated were analyzed.
Results: The results show that 51.4% of the patients developed anti-HLA antibodies,
primarily dependent on the vaccine dose. In 60% of cases, the antibody response
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appeared after the sixth injection, peaked after one month, and then gradually
declined over two years. Anti-HLA class Il antibodies appeared earlier than class |
antibodies. Functional assays demonstrated complement-dependent cytotoxicity
against allogeneic B lymphocytes and PDC*line cells in the serum of some patients,
with no difference related to treatment. PD-1 blockade did not alter the magnitude,
kinetics, or cytotoxic potential of the vaccine-induced humoral response.
Conclusion: These results indicate that, during allogeneic human vaccination,
PD-1 signaling exerts a limited effect on antibody production and effector
function, suggesting a more complex regulatory role in humoral immunity than
previously thought.

KEYWORDS

cancer vaccine, clinical trial, translational research, allogeneic humoral response,
immune-checkpoint point blockade, immunotherapy, plasmacytoid dendritic cells

Introduction

Blocking the PD -1 (programmed cell death protein-1) receptor
has been widely used since 2012 to treat a growing number of
cancer indications (1). Due to their crucial function in anti-tumor
CD8+ (Cluster of Differentiation) T-cell responses, therapeutic
antagonist antibodies targeting PD-1 are now used as first-line
monotherapy in advanced stages of melanoma, non-small cell lung
cancer (NSCLC), and tumors with high microsatellite instability or
mismatch repair deficiency (2).

Because cancer is a frequent complication after solid organ
transplantation, treatments targeting the PD-1/PD-L1 axis are
increasingly used in kidney, liver, or heart transplant recipients
who develop skin cancer or hepatocellular carcinoma, despite the
increased risk of graft failure or rejection (3-5). Rejection
mechanisms appear to involve T-cell-mediated rejection or mixed
T-cell and humoral-mediated rejection (6, 7). To date, no
conclusive evidence has been found regarding the modulation of
donor-specific antibodies following PD-1 blockade.

It has been shown that blocking the interaction between PD-1
expressed on activated CD8+ T cells and its ligands PD-L1/L2
expressed on antigen-presenting cells or tumor cells can reverse T-
cell exhaustion, promote their proliferation, enhance their cytotoxic
functions, and inhibit their apoptosis (8, 9) thereby providing real
clinical benefit to patients. PD-1 is also highly expressed on T
follicular helper cells (Tth) (10-12), which closely orchestrate the
differentiation and maturation of B lymphocytes in the germinal
centers of lymphoid organs, which ultimately transform into
plasma cells generating long-lasting antibody responses.

In experimental models, it has been shown that PD-1 signaling
impairs Tth function and antibody production (13, 14). Conversely,
PD-1 blockade leads to Tth accumulation (14-17) and enhances
specific humoral response (14, 16, 17).

In humans, the effect of anti-PD1 blockade studied in patients
with different cancers showed an increase of proliferative activity of
circulating Tth and B cells (18) without however altering the
subtypes of circulating B cells (19). In patients undergoing anti-
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PD-1 treatment, single-dose influenza or SARS-Cov2 (Severe acute
respiratory syndrome coronavirus 2) vaccines does not appear to
have a significant effect on antiviral antibody levels (18, 20, 21), but
they do affect the characteristics of circulating Tth cells (18).

Therefore, the effects of PD-1 blockade on the onset of the
humoral immune response in humans remain poorly understood.
In order to provide new data on the impact of anti-PD-1 treatment
on humoral responses, we have exploited a unique clinical setting
that provided a rational model in which the same allogeneic cellular
vaccine was administered with or without anti-PD-1 antibodies to
72 cancer patients.

We studied the generation of antibodies over time against
allogeneic HLA molecules in patients with NSCLC treated with
the allogeneic cell-based cancer vaccine PDC*lung01, with or
without pembrolizumab (22) (NCT03970746). PDC*lung01
consists of an HLA-A*02:01-positive human plasmacytoid
dendritic cell line (PDC*line) loaded with peptides. The PDC*line
cells are simply irradiated without being activated or matured. The
mechanism of action of PDC*line cells is based on the direct
activation of antigen-specific CD8+ T cells, which we have
demonstrated in vitro (23, 24), in humanized immunodeficient
mice (25), and in humans in two clinical trials conducted in patients
with melanoma (26) and lung cancer (22) as mentioned above.

In the PDC*lung01 clinical trial, the vaccine was injected six
times alone or in combination with pembrolizumab standard-of-
care treatment starting at the same time. Since patients were selected
only for their HLA-A*02:01 matching with the PDC*line, the
emergence of antibodies against other HLA class I and class II
molecules has been carefully evaluated and the allogeneic humoral
response was regularly monitored for two years. The impact of PD-1
blockade was examined on the initiation and kinetics of anti-HLA
antibody generation, targeted antigens, and functionality of the
antibodies generated. Contrary to expectations, no enhancement of
humoral response was observed in patients treated with PDC*lung01
in combination with pembrolizumab compared to patients treated
with PDC*lung01 alone. These results indicate that anti-PD1
treatment does not have a great impact on alloimmunization
in humans.
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Materials and methods

PDC*line cells and PDC*lung01 product

PDC*line cells were grown in cell suspension in X-VIVO 15
serum-free medium (Lonza, Walkersville, Maryland, USA) in the
presence of 10ug/mL gentamycine (Invitrogen, Thermo Fisher
Scientific, Waltham, Massachusetts, USA) at 37 °C, 5% CO2,
without addition of any growth, differentiation or maturation
factors as previously described (26). Their HLA typing was done
by next-gene sequencing (NGS) and was the following: HLA-
A*02:01, HLA-B*07:02, HLA-B*44:02, HLA-C*05:01, HLA-
C07:02, HLA-DRB1*01:03, HLA-DRB1*08:01, HLA-DQB1*04:02,
HLA-DQB1*05:01, HLA-DPB1*02:01 and HLA-DPB1*04:01.

PDC*lung01 is a therapeutic vaccine comprising irradiated
PDC*line cells loaded with 7 tumor-associated antigenic peptides.
Peptides were loaded individually on batches of the cell line that
were mixed together to obtained the final drug product (DP). The
following HLA A*02:01 restricted peptides were used, derived from
six NSCLC antigens i.e. NY-ESO-1, MAGE-A3, MAGE-A4, Multi-
MAGE, MUCI, Survivin, and from Melan-A melanoma antigen
chosen as positive control. The vaccine was provided in ready-to-
use aliquots containing the frozen PDC*lung01 cell suspension (22).

10.3389/fimmu.2026.1763434

Study design

Overall, 73 patients were enrolled in that study and divided into
4 Cohorts: 6 in Al (low dose DP), 12 in A2 (high dose DP), 7 in B1
(low dose DP with anti-PD-1), and 48 in B2 (high dose DP with
anti-PD-1) (Figure 1A, Supplementary Table 1). Patients received 6
weekly injections of PDC*lung01, either at low doses (14 million
cells, cohorts Al and B1) or high doses (140 million cells, cohorts
A2 and B2), each dose was split to inject half of the cells
intravenously and half subcutaneously.

Anti-PD-1 (pembrolizumab) was administered IV every three
weeks until progression or up to 2 years. Since PDC*line cells
express the HLA-A*02:01 molecule, only patients with documented
HLA-A*02:01 expression and absence of antibodies against the
HLA molecules expressed by PDC*line cells were eligible. Patient
demographics are presented in Supplementary Table 1. Of note, 2
patients of Cohort A2, 1 patient of Cohort Bl, and 6 patients of
Cohort B2 received only 1 to 5 PDC*lung01 injections. Except one
patient in Cohort B2, all patients were included in anti-HLA
antibody (Ab) detection analyses since they all had at least one
injection of the vaccine and one assessable visit. As detailed in
Figure 1B, the presence of anti-HLA Abs was evaluated at the
screening (baseline) visit (V), then from V2 to V5, at V7, and V8. In

A
Patients .
Cohort Dose (n) NSCLC Patients
(
S § Al 14M cells x6 6
1) cells x .
® Lo Glese Stagella/!lb/llla after
2 £ RO resection
2 | &8 B
c 2 . i
2 < as . 140M cells x6 12 Adjuvant chemotherapy
£ & £ Highdose
B1 14M cells x6 .
= Low dose + anti-PD-1
o
_ \| 2 + Stage IV starting
@ =5 anti-PD-1 as first-line
@ 0& B2 140M cells x6 (TPS=50%)
g < Q 4 : ) 48
a High dose + anti-PD-1
\
B
Follow-up every 3-6 months
(W, week; M, month) ----- WIW2W3W4W5WeW7 W10 W13 W16 M5 M8 M11 M14  M19  M27
Visits ----- V1 V2 V3 V4 V5 V6 V7 v8 V9 FU#1 FU#2 FU#3 FU#4 FU#5 FU#6
aPD-1 pembrolizumab ----- ¢ ¢ ¢ ¢ ¢ -> continuation up to 2 years
PDC*lung 01 injections ----- ¢ ¢ * * ¢ ¢
e T 1 2 I R S A R A g
v
Baseline
FIGURE 1
PDC-LUNG-01 clinical trial design. (A) Description of the four patient cohorts: the number of injected cells per visit, the number of patients and the
inclusion criteria. (B) Timeline of treatments and blood sampling. W, week; M, Month; V, visit; FU, Follow-up visit.
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case of positivity up to V8, the evaluation of Abs was pursued until
their complete disappearance at the follow-up (FU) visits.
Moreover, an additional blood volume was collected at V6 in case
of positivity between V2 and V5, or at FU#1, FU#2 or FU#3 when
positive later and was specifically dedicated to the functionality
study of Abs (flow cytometry cross-match and cytotoxicity). The
complement-dependent cytotoxicity (CDC) kinetic study was
carried out with samples collected at earlier or later timepoints
when patients were positive for anti-HLA Ab detection and if
additional sampling was available.

Detection of anti-HLA antibodies

For detection of anti-HLA antibodies, sera for all patients at all
timepoint available were used (Al: n=6; A2: n=12; Bl: n=7, B2;
n=47). Patient’s sera were analyzed for anti-HLA IgG antibodies
with the LIFECODES Single Antigen assay (Immucor/Werfen)
using Luminex technology per manufacturer protocols (27).
Results were expressed as mean fluorescence intensity (MFI) and
interpreted using MatchIT! Antibody Software.

Healthy donors: cells and sera

Blood from healthy donors (HDs) was obtained through
Etablissement Francais du Sang (Grenoble, France) under
informed consent (biological collection DC-2016-2815, French
Blood Bank). PBMCs were isolated by centrifugation density
gradient with lymphocyte separation medium (Eurobio Scientific),
and frozen at —150 °C in the presence of Dimethyl Sulfoxyde (Sigma
Aldrich), and used for B-cell purification (EasySepTM Human B Cell
Enrichment Kit, StemCell). Purity exceeded 95% by CD3/CD19
staining (BD Bioscience).

Pooled sera from eight anonymized HDs provided complement
for CDC assays or irrelevant immunoglobulins for flow cytometry
cross-match assays. Sera were pooled only if clear, heat-inactivated
at 56 °C (30 min) to generate decomplemented fractions (dHS), and
stored at —80 °C until use.

B cells from selected HDs with relevant HLA profiles were used
to match or not target antigens recognized by patient antibodies
(Supplementary Table 2). Typing was performed via NGS, except
HD#02 (sequence-specific oligonucleotides).

Quantification of surface molecules

Expression of membrane complement-regulatory proteins
(mCRPs) and HLA molecules on PDC*line cells, B cells, and
monocytes was quantified using QIFIKIT (Agilent DAKO) (28,
29). The primary mouse antibodies were the following: CD46 (clone
EA.3), HLA-DQ (clone Tiil69), HLA-DR/DP/DQ (clone Tii39),
HLA-A2 (clone BB7.2), IgG1 (clone MP/OPC-21), IgG2a (clone
G155-178), and IgG2b (clone 27-35) were from BD Biosciences;
CD55 (clone JS11KSC2.3) and CD59 (clone P282E) were from
Beckman Coulter; HLA-B7 (clone BB7.1) and HLA-ABC (clone
W6/32) were from Biolegend; HLA-DP (clone BRAF B6) was from
Santa Cruz; and HLA-DRBI (clone HLA-DRB/1067) was from
Abcam. The secondary antibody used was a FITC-polyclonal goat
anti-mouse from Agilent (ref F0479). For PBMCs, AF647-
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conjugated anti-CD20 (Bio-Techne) identified B cells. Monocytes
were gated by morphology (SSC-A vs FSC-A). Median fluorescence
values were converted to Antibody-Binding Capacity (ABC) using
the QIFIKIT calibration beads. Specific ABC (“antigen density”)
was calculated after isotype correction.

Flow cytometry cross-match assay

To measure antibody binding, PDC*line or control B cells were
incubated with decomplemented patients or controls sera. Eleven
A2 and sixteen B2 patients positive for anti-HLA antibodies
were analyzed.

Cells (1x10°) were incubated for 20 min at 4 °C with patients’
sera, dHS, or PBS, then washed in PBS-2% heat-inactivated fetal
bovine serum (FBS, Gibco), and stained with FITC-goat anti-IgG
secondary antibody (Jackson ImmunoResearch Labs Cat# 109-095-
098, RRID: AB_2337658) for 15 min. Following washing and
fixation with FACS Lysing solution (BD Bioscience), fluorescence
was acquired on FACS Canto II (BD Bioscience) with Diva v9.1.0
and analyzed with FlowJo v10.10.

Complement-dependent cytotoxicity assay

To assess Complement-Dependent Cytotoxicity (CDC), 25,000
to 100,000 PDC*line or control B cells were incubated with patient
serum or control anti-HLA antibodies (anti-pan Class I, ref 824101
from Bio-Rad; anti-pan Class II, ref hla-c2 from Invivogen) in the
presence of functional complement (from healthy donors serum
pool or patient serum) for 1 h at 37 °C. Cell death was identified by
7-AAD staining (ref 559925 from BD Bioscience) and quantified by
flow cytometry (30).

Negative controls used decomplemented serum. CDC positivity
was defined as >20% cell death and >2x increase vs control. For the
CDC experiments, only sera from patients containing anti-HLA
antibodies and with validated complement functionality were
included. This criterion was met for all sera specifically collected
for functional analysis (A2, n = 10; B2, n = 16), but not for all sera
collected for anti-HLA determination (see “Patients’ complement
validation” in Supplementary Figures). Serum complement
functionality was validated using control anti-pan Class II
antibodies with B cells from HD#01-03, requiring >24.5%
cytotoxicity (half the median across 43 validations).

To evaluate mCRPs functionality, PDC*line cells were
preincubated with antibodies blocking CD46 (Thermo Fisher
Scientific Cat# MA1-40183, RRID: AB_1072487), CD55 (clone
BRIC 2016 from Bio-Rad), or CD59 (clone YTHS53.1Sigma-
Aldrich) at 5 pg/mL for 15 min before CDC assays (31). Serum
complement activity was verified using PDC*line cells, with >20%
cytotoxicity set as assay validity threshold (half the median of
58 assays).

Statistical analysis

One-way ANOVA with multiple comparisons or t-test were
used for comparison conditions. Chi® test was used to compare the
immunogenicity against HLA Class I and HLA Class II in the whole
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population of patients. Data were analyzed using PRISM
software (v10).

Results

Anti-HLA antibodies in patients treated
with PDC*lung01 with or without
anti-PD-1

The evaluation of anti-PD-1 effect on anti HLA-antibodies
generation was evaluated in the 4 cohorts treated with
PDC*Lung01, representing a homogeneous population of patients
(Figure 1B). PDC*line cells express high levels of HLA class I and
class II molecules, with HLA-ABC and HLA-DR/DP/DQ antigen
density reaching 5x10° molecules per cell much higher than that
observed on B cells or monocytes (Figure 2, Supplementary Figure 1).

As expected, the level of incompatibility for HLA-B/C/DR/DP/
DQ molecules between PDC*lung01 and patients, as assessed by the
number of mismatches per patient (mean = 6, Supplementary
Figure 2) was high and equivalent in patients regardless of
treatment. In total, 51.4% of patients developed alloantibodies,
among whom only 7.7% (1/13) of patients treated with low dose
PDC*lung01 (Supplementary Figure 3), while 59.3% (35/59) of
patients treated with high dose were tested positive for anti-HLA
antibodies, clearly indicating an obvious dose effect. Since patients
were matched for HLA-A*02:01, no antibodies against this molecule
were detected, and only a few patients developed antibodies against
HLA-C*05:01 or HLA-C*07:02 (4.6%). In contrast, in patients treated
with high dose, HLA alloimmunization appeared more important

10.3389/fimmu.2026.1763434

against class II molecules (59.3%; 35/59) of positive patients than class
I molecules (33.9%; 20/59) (Table 1; Chi® test, p=0.0056). In addition,
among anti-HLA class II molecules, DRB1 induced more
immunization than DPB1 and DQBI.

With regard to the intensity and kinetics of anti-class I (HLA-B)
and anti-class II (HLA-DRB1) antibodies, very high levels of
alloantibodies were observed (>15,000 MFI), generally peaking at
V8, one month after the last PDC*lung01 injection, and persisting
for approximately six months before decreasing and becoming
undetectable within 12 to 24 months depending on patients
(Figure 3). Similar profiles were obtained for anti-HLA-DQBI and
HLA-DPBI antibodies (Supplementary Figure 5). It is also
important to note that anti-class II antibodies appeared as soon as
the first or second injection of PDC*lung01 (V2 or V3), while anti-
class I antibodies were only detected after V4 or V5 (fourth or fifth
injections of PDC*lung01, respectively) (Table 1), without being
associated with safety issues (22). Patients treated with the
combination of PDC*lung01 and anti-PD-1 did not have an
earlier anti-HLA response, nor did they show higher levels of anti-
HLA antibodies or longer maintenance of these levels compared to
patients receiving PDC*lung01 alone (Supplementary Figure 6).

PD-1 blockade does not increase the
functionality of patients’ anti-HLA
antibodies

The functionality of alloantibodies was studied, particularly
their potential for complement-mediated cytotoxicity. We first
used methods employed in HLA laboratories to evaluate the
overall reactivity of these antibodies by performing cell-based
assays using purified B and T cells (lymphocytotoxic assay),

HLA Class |

@ HLA-ABC
0 HLA-A2
O HLA-B7

Counts —

HLA-ABC isotype control
HLA-A2 isotype control
HLA-B?7 isotype control

_—
B HLA Class Il
O HLA-DR/DP/DQ
[0 HLA-DRB1
[J HLA-DP
O HLA-DQ

3 4 5

FITC ———»

FIGURE 2

7x105
5x105—' i
’? 3x105 - '
® 2x105
g ]
T 1.5x105
: 4
g 1x105
= ]
& 5x104-
0,
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IR P TR
O
&

HLA-DR/DP/DQ isotype control
HLA-DRB1 isotype control
HLA-DP isotype control
HLA-DQ isotype control

Expression of HLA Class | and Class Il molecules by PDC*line cells. HLA Class | (HLA-ABC, HLA-A2, HLA-B7) and Class Il molecules (HLA-DR/DP/DQ,
HLA-DRB1, HLA-DP, HLA-DQ) were quantified on PDC*line cells. (A, B) Representative histograms showing PDC*line cell labelling with FITC-
conjugated anti-HLA Class | (A) and -HLA Class Il (B) antibodies. Antibodies specific to cognate isotypes were used as control. (C) The means +/- SD
of 3 to 5 experiments measuring the HLA antigen density at the PDC*line cell surface are shown.
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TABLE 1 Generation of anti-HLA? antibodies during PDC*lung01 treatment with or without anti-PD-12.

10.3389/fimmu.2026.1763434

Cohort/Visit \
Anti-HLA Class | (no. (%))*
Cohort A1** - - - - 0/6 (0) 1/6 (16.7)
Cohort Bl 0/7 (0) 0/7 (0) 0/7 (0) 0/7 (0) 0/7 (0) 0/7 (0)
Cohort A2 0/11 (0) 0/11 (0) 0/11 (0) 2/10 (20) 6/12(50) 6/11 (54.5)
Cohort B2 0/47 (0) 0/46 (0) 1/46 (2.2) 2/46 (4.3) 9/43 (20.9) 12/44 (27.3)
Anti-HLA Class Il (no. (%))
Cohort Al - - - - 0/6 (0) 1/6 (16.7)
Cohort Bl 0/7 (0) 0/7 (0) 0/7 (0) 0/7 (0) 0/7 (0) 0/7 (0)
Cohort A2 0/11 (0) 2/11 (18.2) 5/11 (45.5) 6/11 (63.6) 10/12 (83) 11/11 (100)
Cohort B2 2/47 (4.3) 3/46 (6.5) 5/46 (10.9) 8/46 (17.4) 16/43 (37.2) 24/44 (54.5)

'HLA, Human Leucocyte Antigen; 2pD-1, Programmed cell death protein 1; *Anti-HLA antibodies were measured in sera collected at injection visits (V) from V2 to V5 plus at V7 and V8. **Sera
were not available during the first visits in Cohort Al and from the first or second visit onwards in the other cohorts.

completed by detecting C3d deposition (a component of the
complement cascade) for some patients. The cells used for
lymphocytotoxic assay were selected for their HLA typing
(Supplementary Table 2) and the two assays were performed in
the presence of rabbit complement. The results showed that more
than 60% of patients’ sera were positive for C3d deposition and that
more than 85% developed complement-dependent cytotoxicity
(CDC) mediated by both IgG and IgM immunoglobulins
(Supplementary Table 3). No increase in these parameters was
observed with anti-PD1 treatment.

Since the results of these tests do not always correlate with the
clinical situation in the field of transplantation (32), we decided to

develop a new assay using human sera as source of complement and
PDC*line cells or control B cells as target cells. We first validated
this test using positive controls for anti-HLA class I or class II
antibodies. After verifying the effective binding of these control
antibodies to B cells and PDC*line cells (Figures 4A, B), cell death
was measured after 1 hour of incubation at 37 °C (Supplementary
Figure 7). As shown in Figures 4C, E, a high percentage of
cytotoxicity was observed with B cells and the two positive
control antibodies. In contrast, with PDC*line cells, moderate
CDC was observed only with anti-class II antibodies, suggesting
resistance of PDC*line cells to antibody-mediated CDC
(Figures 4D, E). As PDC*line cells are irradiated within
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PDC*lung01 vaccine, the resistance of irradiated PDC*line cells to
CDC was verified and showed no difference compared to non-
irradiated cells (Supplementary Figure 8).

We then evaluated the cytotoxic potential of sera from patients
treated with PDC*lung01 alone or in combination with anti-PD-1,
against PDC*line cells and allogeneic control B cells. Since anti-
HLA-DR8 and anti-HLA-DR103 antibodies were highly
representative of the alloimmune response of patients, we selected
two sources of B cells matched for these HLA molecules. B cells
unmatched for these molecules were used as negative controls
(Supplementary Table 2). First, the complement functionality was
validated in patients’ sera from all available samples
(Supplementary Figure 9). Then, we showed that alloantibodies
detected in sera from the timepoints dedicated to the anti-HLA
impact study (V6, FU#1, and FU#2; Figure 1B) were able to bind to
the surface of PDC*line and allogeneic control B cells
(Supplementary Figure 10) and thus could trigger the cytotoxic
cascade induced by the functional complement. No binding was
observed to unmatched B cells.

The CDC potential of the patients’ sera was then evaluated
(Figure 5). Contrary to what was expected based on the results of
the lymphocytotoxicity and C3d assays, only a few sera from both
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patient cohorts showed antibody-mediated CDC against matched
B-cell controls (Figures 5A, B, D, E, G). All sera were negative with
unmatched control B cells (Supplementary Figure 11). Regardless of
the treatment received, patients’ sera did not induce any antibody-
mediated CDC against PDC*line cells, although they were
considered as the best cell target (Figures 4C, F, G). Indeed,
PDC*line cells were recognized by all alloantibodies, while B-cell
controls that were only partially mismatched led to moderate
binding of alloantibodies (Supplementary Figure 10). Sera from
patients treated with anti-PD-1 did not show higher CDC since the
results from both cohorts were similar (Figure 5G).

We then wondered whether sera collected at other timepoints
might be positive for alloantibodies and whether the CDC potential
of these sera might be related to the amount of antibodies. Figure 6
shows the CDC results for two patients in Cohorts A and B against
the three target cells with sera whose complement activity was
validated (Supplementary Figure 9). The whole kinetic study is
shown in Supplementary Figure 12. In addition, corresponding
mean fluorescence intensity (MFI) levels of anti-HLA antibodies
against class I (B7, B44) and class II (DR103, DR8, DQB04, DQB05
and DPB02) molecules, present in those sera, are shown. For the
two patients treated with PDC*lung01 alone (P6 and P7, Figure 6A)
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and the patient treated in combination with anti-PD-1 (P25,
Figure 6B), whose sera were cytotoxic at V6, samples taken at
earlier and later timepoints also showed cytotoxicity against both B-
cell controls. It is interesting to note that one patient (P41) in
Cohort B2, whose sera were negative at V3, V4, V5, and V6, became
positive at V8 (Figure 6B). Furthermore, while the sera of patients
P6 and P25 showed similar results at timepoints V6 and V8 against
DR8+ (HD#01) and DR103+ (HD#02) B cells, the results of patient
P7 sera showed a different profile. Indeed, P7 sera from five
timepoints (V5, V6, V8, FU#1, and FU#2) showed antibody-
mediated CDC against DR8+ B cells, while only three sera (V6,
V8, and FU#1) were cytotoxic to DR103+ B cells. These results
showed that despite similar MFI levels, the characteristics of anti-
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DR103 and anti-DR8 antibodies may differ significantly in terms of
induction of CDC.

With regard to PDC*line cells, despite the use of patient
samples containing high levels of antibodies targeting the highly
expressed HLA molecules and the validation of complement
functionality, alloantibodies remained unable to induce CDC
towards these cells even when patients received the combination
treatment. However, one sample from one timepoint (P7, FU#1)
displayed a cytotoxicity activity just above the positivity
threshold (22%).

Opverall, sera from patients treated with anti-PD1 did not exhibit
higher cytotoxicity against any of the cellular targets compared to
sera from patients treated with PDC*lung01 alone.
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Inhibition of MCRPs does not increase
CDC mediated by antibodies from patients
treated with anti-PD-1

In order to better evaluate the CDC activity of patients’ sera
from both cohorts against PDC*line cells, we used blocking
antibodies against the three main membrane complement
regulatory molecules (mCRP: CD46, CD55, and CD59) in our
CDC assay. Indeed, as shown in Figures 7A, B, PDC*line cells
express high levels of these molecules, particularly CD59, compared

10.3389/fimmu.2026.1763434

to B cells or monocytes (Supplementary Figure 1B). We observed
that the addition of blocking antibodies against these mCRPs in the
CDC assay with patients’ sera resulted in cell death of PDC*line
cells with three and four patients” sera treated with PDC*lung01
alone (Cohort A2) and in combination with anti-PD-1 (Cohort B2),
respectively. All patients’ sera that were positive for CDC relative to
B-cell controls without blocking mCRPs (Figures 7, D) were able to
kill PDC*line cells when mCRPs were inhibited, confirming the
cytotoxic properties of these samples. These results showed that,
despite a more favorable context where PDC*line cells were
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sensitive to CDC, we did not observe enhancement of cytotoxic
functionality of the alloantibodies generated following anti-PD-1
treatment (Figure 7E).

Discussion

The remarkable clinical benefit observed in many patients
treated with PD-1 receptor blocking antibodies is largely
explained by the release of cytotoxic activity from pre-existing
anti-tumor CD8+ T cells in the tumor bed, where its PD-L1/L2
ligands are well expressed by tumor cells or infiltrating myeloid
cells (9).

However, little is known about the impact of PD-1 blockade on
humoral immunity in general and on alloimmunization in
particular, despite the widespread use of therapeutic antibodies
for more than a decade (1) and more recently in the treatment of
transplant patients developing cancer (3-5). Indeed, due to
expression of PD-1 on Tfh cells and PD-L1/L2 on dendritic cells
and B cells in the germinal center, it has been assumed that the
transformation of B cells into antibody-secreting plasma cells could
be positively influenced by anti-PD-1 treatment (33).

In this study, we have exploited a unique clinical situation
where the triggering of humoral immune response against HLA
molecules could be examined concomitantly with PD-1 blockade in
humans (22). Indeed, to our knowledge, such analysis of the anti-
HLA response in several patients after repeated injections of the
same allogeneic dendritic cell-based vaccine in the presence or
absence of therapeutic antibodies against PD-1 has never been
described before. Importantly, by contrast to other studies
describing the effect of anti-PD-1 in patients on humoral
response, our control cohort (not receiving anti-PD-1) was
composed of cancer patients instead of healthy controls in other
studies (18, 20). It is interesting to note that patients included in
Cohort B2 were at a more advanced stage (stage IV) without prior
treatment, whereas those in Cohort A2 were at an earlier stage
(stage II/III) but had undergone surgery and adjuvant therapy, with
a withdrawal period of at least 4 weeks before receiving PDC*lung01
treatment. A minimum blood lymphocyte count of 1,000 cells/pl
was required for all patients to ensure that their immune systems
were not significantly compromised by disease or prior therapy.
Immunological monitoring of leukocyte subpopulations, including
B lymphocytes, during the clinical trial did not reveal any major
abnormalities in either cohort (manuscript in preparation). In
addition, analyses of allogeneic CD4" lymphocyte responses (data
not shown) and antigen-specific CD8" responses (22) showed no
differences between the cohorts. Therefore, the immune systems of
the two patient cohorts can be considered comparable.

Our results showed that the generation of antibodies against HLA
class I or II depended on the cumulative number of cells injected. In
fact, apart from one patient, those treated with a low dose of
PDC*lung01 corresponding to a cumulative total of 84 million cells
did not develop an alloreactive immune response, even in the
presence of pembrolizumab. In contrast, in the high dose cohort,
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anti-DRBI antibodies began to be detected in a few patients after the
first or second administration of the drug product (corresponding to
140 or 240 million cells). In a previous clinical trial in melanoma (26)
(NCT01863108), where up to 180 million cells were injected into
three patients, we did not observe alloimmune response. In the
melanoma study, cells were injected only subcutaneously, while in
the PDC-LUNG-01 trial the intravenous route was added, likely
increasing cellular immunogenicity.

It should be noted that the percentage of patients who
developed an alloimmune response differed greatly between the
A2 and B2 Cohorts. Indeed, while 50% (6/12) and 91.7% (11/12) of
patients treated with PDC*lung01 alone were positive for anti-class
I and anti-class II antibodies respectively, only 29.8% (14/47) and
51.1% (24/47) of patients were positive when receiving the drug
combination (Chi2 tests: ns for anti-class I, p=0.0106 for anti-HLA-
class II). We decided to further compare the HLA-DRBI allele
distribution of patients in Cohorts A2 and B2 (Supplementary
Figure 4). This distribution was indeed different between cohorts,
strongly suggesting that the difference in immunization could be
due to the heterogeneity of incompatibility between patients and
PDC*line cells. However, this hypothesis would require further
investigations to be confirmed.

Overall, the characteristics of the humoral immune response
(type of targeted HLA molecules, initiation of antibody secretion,
intensity of anti-HLA levels, maintenance and duration of
alloantibodies in serum) were similar between cohorts, indicating
an absence of positive effect of PD-1 blockade, contrary to what was
expected. This conclusion should, however, be interpreted with
caution due to the unequal number of patients analyzed; 12 in the
monotherapy group versus 48 in the combination with anti-PD-1
group. Several studies in different human contexts have reported
increased activation and proliferation of Tfh or Tfr (34) (a
subpopulation of regulatory CD4+ T cells regulating antibody
responses) associated with changes in B cells in germinal centers or
circulating plasmablasts and upregulation of the humoral immune
response at some timepoints (16, 18). These observations have also
been corroborated by experimental models in which PD-1 has been
shown to suppress Tth cell differentiation (13) and, consequently,
PD-1 blockade has led to Tfh expansion and increased humoral
responses (14-17). However, in other reports, in cancer patients
undergoing anti-PD-1 treatment, little or no change was observed in
the level and characteristics of antiviral antibodies after a viral
vaccination against SARS-Cov-2 (21) or influenza virus (20). It is
important to note here that most of the studies analyzed the antiviral
response in the context of a booster vaccination. In our study, patients
had never received PDC*lung01 treatment or other allogeneic cell
therapies, which highlights the originality of the results. Thus, we
observed a de novo humoral response in patients who had never
received anti-PD-1 treatment before.

We also sought to determine whether anti-HLA antibody
production could be correlated with antigen-specific CD8" T cell
responses or clinical activity. No allogeneic lymphocyte response to
PDC*line cells was observed in patients who developed
alloimmunization (Supplementary Figure 13), regardless of
cohort. An antigen-specific CD8" T-cell response was detected in
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a large proportion of patients in all cohorts (50% to 67%) (22) and
was not correlated with anti-HLA antibody production. In B2
Cohort where clinical activity can be analysed, the confirmed
objective response rate reached 51%, with a 9-month progression-
free survival (PFS) rate of 47%, showing a correlation between
antitumor response and PFS duration. Again, no relationship was
observed between the clinical activity of PDC*lung01 combined
with anti-PD-1 therapy and the occurrence of alloimmunization.

We also evaluated whether PD-1 blockade could affect the
functionality of these antibodies. Anti-HLA antibodies are known
to cause antibody-mediated organ rejection after transplantation via
the complement cascade and are responsible for many episodes of
acute rejection in kidney transplant patients (35). We therefore
explored the antibody-mediated CDC functionality of anti-HLA
antibodies from the serum of patients from the two cohorts.

We observed that despite high levels of anti-HLA antibodies
and positive trends in cytotoxic potential observed with assays used
in HLA laboratories, few patients actually had antibodies that
caused cell death of positive control cells in a cytotoxicity assay
using human complement. There were not more patient sera with
cytotoxic activity in the cohort with anti-PD-1 treatment.
Furthermore, after restoring the sensitivity of PDC*line cells in
the presence of mCRP inhibitors, we did not observe that anti-PD1
blockade enhanced the cytotoxic potential of anti-HLA antibodies,
even though the context was more favorable than with B-cell
controls. Indeed, with PDC*line cells, all alloantibodies can bind
to all HLA molecules that are largely expressed on the membrane
surface and as a result can exert fully their cytotoxic function.
Recently, it has been shown that antibodies generated in patients
treated with anti-PD-1 have reduced sialylation, affecting the
affinity of the molecules (18). However, previously, in a mouse
model, no maturation of antibody affinity was observed after a
primary/booster vaccination regimen (16). Further examination of
the nature of the isotype, glycosylation, and sialylation of patients’
anti-HLA antibodies could help detect potential differences at
protein level in the humoral immune response generated in the
presence or absence of anti-PD-1 treatment. Regarding cellular
immune response, we did not see any difference of allogeneic cell
proliferation of patients’ PBMCs between both cohorts
(Supplementary Figure 13), whereas the magnitude of antitumor
specific immune response after vaccination appeared linked to the
PD-1 blockade (22).

Altogether these results showed that, in the specific situation of
inducing an allogeneic humoral response following allogeneic
dendritic cell-based cancer vaccine treatment, PD-1 blockade
surprisingly does not improve either the generation of
alloantibodies or their functionality, which should allow for a
better understanding of the mechanisms involved in graft failure
or rejection in solid transplant recipients subjected to PD-1
blockade. This unexpected outcome reveals an apparent paradox:
PD-1 blockade enhances CD8" antitumor responses while sparing
allogeneic humoral responses, highlighting the immune system’s
ability to produce divergent, antigen-specific responses even under
systemic immunomodulation. Recent studies illustrate this
principle: the intestinal immune system triggers pro-inflammatory
or tolerogenic responses to commensal bacteria based on distinct
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motility signatures and flagellin disposition (36). Similarly, our data
suggest that PD-1 blockade amplifies tumor-specific cytotoxic
responses (22) without disrupting alloimmunization in the
context of allogeneic dendritic cell-based vaccines. This
decoupling reflects precise discrimination of molecular signatures
and cellular interactions rather than uniform disinhibition
of checkpoints.
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