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autochthonous T antigen-induced choroid plexus tumors, 
similar to WBI. Despite a significant increase in the lifes-
pan, tumors eventually recurred in anti-CD40-conditioned 
mice coincident with loss of T-cell persistence from both 
the brain and lymphoid organs. Depletion of CD8+ T cells 
from the peripheral lymphoid organs of WBI-conditioned 
recipients failed to promote tumor recurrence, but donor 
cells persisted in the brains long-term in CD8-depleted 
mice. These results demonstrate that anti-CD40 condition-
ing effectively enhances ACT-mediated acute elimination 
of autochthonous tumors, but suggest that mechanisms 
associated with WBI conditioning, such as the induction 
of long-lived T cells, may be critical for protection from 
tumor recurrence.

Keywords  CD8+ T cell · CD40 agonist · Choroid plexus 
tumor · SV40 T antigen transgenic mice · Whole-body 
irradiation
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Abstract  Adoptive T cell transfer (ACT) has achieved 
clinical success in treating established cancer, particularly 
in combination with lymphodepleting regimens. Our group 
previously demonstrated that ACT following whole-body 
irradiation (WBI) promotes high-level T cell accumulation, 
regression of established brain tumors, and long-term pro-
tection from tumor recurrence in a mouse model of SV40 
T antigen-induced choroid plexus tumors. Here we asked 
whether an approach that can promote strong donor T-cell 
responses in the absence of WBI might also produce this 
dramatic and durable tumor elimination following ACT. 
Agonist anti-CD40 antibody can enhance antigen-specific 
CD8+ T-cell responses and has shown clinical efficacy as 
a monotherapy in the setting of cancer. We show that anti-
CD40 conditioning promotes rapid accumulation of tumor-
specific donor CD8+ T cells in the brain and regression of 
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Introduction

Adoptive T-cell transfer (ACT) with CD8+ T cells has 
shown promise as a therapy for solid tumors, including 
metastases. The use of host conditioning regimens such 
as non-myeloablative chemotherapy and whole-body irra-
diation (WBI) prior to ACT has increased overall response 
rates to an impressive 50  % or higher and improved 
response durability [1, 2]. WBI has broad systemic effects, 
a subset of which are thought to be critical for therapeutic 
success of ACT [3–6]. Although predictors of therapeutic 
outcome remain elusive, certain “naïve-like” characteris-
tics of donor T cells, such as increased telomere length and 
CD27 expression, correlate with success [7]. Additionally, 
long-term persistence of T cells following ACT has been 
associated with complete, durable remissions in clinical tri-
als [2]. A current challenge is to broaden the applicability 
of ACT-based therapies, which require large numbers of ex 
vivo expanded T cells and are targeted to select patients.

WBI conditioning was shown previously to enhance 
ACT in mice that develop autochthonous tumors due to 
transgenic expression of the simian virus 40 (SV40) large 
T antigen (T Ag) oncoprotein within unique tissues [8–11]. 
In particular, WBI facilitates rapid and high-level accu-
mulation of adoptively transferred T cells in the brains 
of SV11 mice bearing choroid plexus tumors [9, 10, 12]. 
Line SV11 mice express T Ag from the SV40 promoter, 
which selectively targets high-level oncoprotein expres-
sion in the choroid plexus of the brain and low levels in 
the kidney, although tumor formation is restricted to the 
choroid plexus [13]. T Ag expression in the choroid plexus 
begins within 14 days of birth and results in the appearance 
of microscopic papillomas by 35  days [14]. Tumors pro-
gress rapidly beginning at approximately 80  days of age, 
causing death at a mean age of 105 days [14, 15]. Due to 
low-level transgene expression in the thymus (unpublished 
observations), SV11 mice are immunologically tolerant to 
T Ag and unable to mount a CD8+ T-cell response toward 
the dominant T Ag determinants, including the immuno-
dominant site IV determinant (residues 404–411) [8]. How-
ever, transfer of T Ag-specific donor CD8+ T cells into 
80-day-old WBI-conditioned mice results in rapid, high-
level T-cell accumulation within the brain, tumor elimina-
tion, T-cell persistence at the tumor site, and prevention of 
tumor recurrence [10]. These results raise the question of 
whether alternative approaches that trigger high-level T-cell 
accumulation at the tumor site can promote regression of 
autochthonous tumors, independent of the additional mech-
anisms associated with irradiation.

Agonist anti-CD40 antibodies promote strong anti-
tumor CD8+ T-cell responses in vivo [16–19]. A member 
of the tumor necrosis factor receptor superfamily, CD40 is 
expressed on the surface of professional antigen-presenting 

cells (pAPC), as well as endothelial cells and some tumors 
[20]. Ligation with CD40 ligand (CD154), expressed by 
CD4+ T cells, results in the upregulation of major histo-
compatibility complex class II and costimulatory mole-
cules on pAPCs and licenses these cells to trigger produc-
tive CD8+ T-cell activation and differentiation [21–23]. 
CD40 agonists mimic this signal and promote anti-tumor 
responses through mechanisms including induction of anti-
tumor T-cell responses [16, 24], recruitment of tumoricidal 
myeloid cells [25], activation of tumor vasculature [26], 
and direct cytotoxicity of CD40-expressing tumors [27]. 
In clinical trials, anti-CD40 administration has resulted in 
objective responses [28], and this cancer immunothera-
peutic agent is prioritized for investigation by the National 
Cancer Institute-supported Cancer Immunotherapy Trials 
Network [29]. The combination of anti-CD40 condition-
ing with other immune-based therapies has the potential 
to produce more significant anti-tumor effects [30]. In 
particular, combination with ACT has yet to be translated 
to human cancer patients. Anti-CD40 conditioning pro-
motes the in vivo expansion of adoptively transferred T 
cells capable of controlling solid tumor progression in 
experimental models [18, 31–33]; however, the effects on 
immune surveillance and tumor recurrence have not been 
thoroughly investigated. Thus, anti-CD40 conditioning 
could potentially broaden the use of ACT therapy to cancer 
patients for whom lymphodepleting chemotherapy or WBI 
is contraindicated.

In the current study, we directly compared the therapeu-
tic and immunological impact of WBI and anti-CD40 con-
ditioning on ACT-mediated immunotherapy of autochtho-
nous brain tumors. We show that anti-CD40 reproduced the 
initial T-cell accumulation and dramatic tumor elimination 
observed in WBI-conditioned mice while also significantly 
extending survival. However, WBI was superior in estab-
lishing both donor T-cell persistence and protection from 
tumor recurrence at late time points.

Materials and methods

Mice

SV11 mice [34] (C57BL/6-Tg(TAg)11Bri) were maintained 
as previously described [8] and used at 75–85 days of age 
in all experiments. B6.Cg-Tg(TcraY4,TcrbY4)2025Tdsc, 
or TCR-IV, mice express a T cell receptor (TCR) αβ pair 
specific for the H2-Kb-restricted site IV epitope [10]. 
For some experiments, TCR-IV males were bred with 
B6.PL-Thy1a/CyJ (CD90.1) homozygous females to yield 
CD90.1+ donor cells. All mice were maintained in specific 
pathogen-free conditions at the Milton S. Hershey Medical 
Center animal facility. All animal protocols were approved 
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by the Institutional Animal Care and Use Committee at the 
Penn State Hershey College of Medicine.

Host conditioning and adoptive T‑cell transfer

Irradiation-conditioned mice were administered 4 Gy WBI 
on day −1 using a 60Co Gammacell irradiator (Nordion 
International) or an X-RAD 320ix biological X-ray irra-
diator (Precision X-Ray Inc.). Anti-CD40- and control-con-
ditioned mice received 100 μg purified anti-CD40 (clone 
FGK45, BioXcell) or control rat IgG (Sigma) on days 
−1 and +1 by intraperitoneal (i.p.) injection. Whole-cell 
populations were recovered from spleens and axillary, bra-
chial, superficial cervical, mesenteric, inguinal, and lumbar 
lymph nodes [35] of TCR-IV donor mice. CD8+ cells were 
enriched by autoMACS magnetic sorting using the manu-
facturer’s recommendations (Miltenyi Biotec), resulting in 
approximately 90 % pure CD8+TCR-IV+ T cells. 1 × 106 
naïve TCR-IV T cells were administered intravenously in 
200 μL PBS on day 0 of the experiments.

Lymphocyte isolation and flow cytometric analysis

On the day of analysis, spleens, superficial cervical lymph 
nodes (cLN), and brains were removed from euthanized mice 
following exsanguination. Spleens and cLNs were mechani-
cally disrupted to obtain single-cell suspensions and red 
blood cells (RBCs) eliminated as previously described [8]. 
Brain lymphocytes were obtained as previously described 
[9]. Briefly, brains were minced with a razorblade and mixed 
by pipetting in RPMI-1640 with GlutaMAX™ (Gibco) sup-
plemented with 2 % fetal bovine serum, 100 U/mL penicil-
lin, 100  μg/mL streptomycin, 2  mM  l-glutamine, 50  μM 
2-mercaptoethanol, 10 mM HEPES, and 25 μg/mL pyruvic 
acid. Dispersed cells were placed on ice and large debris 
allowed to settle twice for 5 min, after which the superna-
tant containing cells was collected. The single-cell suspen-
sion was RBC-depleted and washed before centrifugation 
(500×g for 20 min) on a density gradient (Percoll, 70:32 %). 
Cells at the interface were removed with a Pasteur pipet, 
washed, and live cells counted by trypan blue exclusion. 
Fluorochrome-labeled antibodies were obtained from eBio-
science (CD8α clone 53-6.7, CD90.1 clone HIS51, CD44 
clone IM7, killer cell lectin-like receptor G1 (KLRG1) clone 
2F1), BD Biosciences (CD45.2 clone 104, TCRβ clone H57-
597), BioLegend (CD8β clone 53-5.8, CD62L clone MEL-
14), and Tonbo Biosciences (CD8α clone 53-6.7). Site IV/
Kb tetramers were prepared and used to stain site IV-specific 
T cells as previously described [10, 36]. Data were acquired 
using an LSR II SORP, LSRFortessa, or FACSCanto II (BD 
Biosciences) flow cytometer in the Penn State Hershey Flow 
Cytometry Core Facility. Data analyses were performed with 
FlowJo software (TreeStar Inc.).

Intracellular cytokine staining and degranulation assay

Isolated lymphocytes were incubated with T Ag site IV 
404–411 peptide variant C411L (VVYDFLKL) or con-
trol herpes simplex glycoprotein B 498–505 peptide 
(SSIEFARL) for 5–6 h at 37 °C in the presence of Brefel-
din A (cytokine staining; Sigma) or Brefeldin A and fluo-
rescein isothiocyanate (FITC)-conjugated CD107a anti-
body (degranulation assay, clone 1D4B; BD Biosciences). 
Following incubation, cells were stained for surface mark-
ers as described above, then fixed and permeabilized using 
Cytofix/Cytoperm (BD Pharmingen). For cytokine staining, 
cells were subsequently incubated with FITC-conjugated 
anti-interferon (IFN)γ (clone XMG1.2; eBioscience) for 15 
min at room temperature, washed 3 times, and analyzed by 
flow cytometry.

Survival analysis

Median lifespan was determined by monitoring mice for 
the development hydrocephalus and neurological symp-
toms indicative of advanced tumor development such as 
lethargy and ataxia [8]. Symptomatic mice were euthanized 
and Kaplan–Meier survival curves were created using 
GraphPad Prism software (GraphPad Prism Software, Inc.).

Histology and immunohistochemistry

After euthanasia, mice were perfused with PBS followed 
by 10  % neutral buffered formalin (NBF). Brains from 
perfused mice were removed and stored overnight in NBF 
and then transferred to 70  % ethanol. Fixed brains were 
paraffin embedded and representative coronal sections 
were collected throughout the brain. Brain sections were 
hematoxylin and eosin (H&E) stained and the maximum 
tumor diameter was determined for each mouse by light 
microscopy. T Ag immunohistochemistry (clones pAB901 
and pAB419) was performed as described [37]. Images 
were captured using an Olympus BX51 microscope with a 
2×, 20×, or 40× objective fitted with an Olympus DP71 
digital camera and cellSens Standard 1.6 imaging software 
(Olympus). Histological sections were evaluated blindly by 
a board certified veterinary pathologist.

Anti‑CD8 antibody production and in vivo T cell depletion

Anti-CD8 monoclonal antibody clone 2.43 [38] was pro-
duced in BD Cell MAb animal component-free medium 
(BD Biosciences) using CELLine reactor flasks (Corning) 
per the manufacturer’s recommendations. Concentrated 
antibodies were dialyzed into PBS, purity-verified by gel 
electrophoresis and aliquots stored at −20  °C. Beginning 
on day +20 of experiments, mice received weekly i.p. 
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injection of 100 μg of control antibody (rat IgG; Sigma) or 
anti-CD8 antibody in 200 μL PBS.

Statistics

All statistical tests were performed using GraphPad Prism 
software. Unpaired Student’s t test was used to determine 
significance unless otherwise noted. A p value <0.05 was 
considered statistically significant and is indicated using *, 
**, ***, **** (p < 0.05, p < 0.01, p < 0.001, p < 0.0001, 
respectively).

Results

Host conditioning with anti‑CD40 induces high‑level T cell 
accumulation in the lymphoid organs and brains of SV11 
mice at early time points

We initiated experiments at 80 days of age, when choroid 
plexus tumors fully or partially fill the ventricles but typi-
cally are not invasive [9]. Previously, WBI conditioning was 
found to accelerate accumulation of donor T cells within 

the brains of SV11 mice, which first appeared on day +5 
following ACT [10]. We first compared the magnitude and 
kinetics of donor T-cell accumulation in SV11 mice condi-
tioned with anti-CD40 agonist antibody or sublethal WBI 
followed by ACT with naïve CD8+ TCR-IV T cells that are 
reactive with the immunodominant H-2Kb-restricted site 
IV determinant of T Ag. We utilized naïve donor T cells 
in order to evaluate the impact of each conditioning regi-
men on initial T-cell activation, differentiation, and accu-
mulation. While current clinical protocols utilize ex vivo 
expanded T cells for ACT, studies in mice have demon-
strated improved efficacy of less-differentiated donor cells 
for ACT-based therapies [39], resulting in efforts to generate 
donor T cells with a younger phenotype [40, 41].

As early as day +4 post-ACT, increased frequencies of 
TCR-IV T cells were detected in the spleens of mice that 
received anti-CD40 or WBI relative to unconditioned mice 
(Fig. 1a) and these proportions further increased by day +5. 
Similar results were observed in the tumor-draining cLNs 
(unpublished observations). Despite the lower frequency 
of TCR-IV T cells detected in the spleens of anti-CD40-
conditioned mice, the absolute number of TCR-IV T cells 
was approximately tenfold higher than in WBI-conditioned 
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Fig. 1   Host conditioning with anti-CD40 induces high-level T cell 
accumulation in the lymphoid organs and brains of SV11 mice at 
early time points. Groups of mice received either anti-CD40, WBI, 
or no conditioning regimen with TCR-IV T-cell ACT. Representa-
tive plots show MHC tetramer staining (mean ±  SEM) of TCR-IV 
T cells on days +4 and +5 in a spleen and c brain. Quantification of 
TCR-IV T-cell accumulation (mean ± SEM) in b spleen and d brain 

of mice that received ACT with the indicated treatments. n = 3 mice/
group (except n = 2 for day +4 control group). Data shown are from 
one experiment and representative of two independent experiments. 
Asterisks above connecting lines indicate significant differences 
between time points. Asterisks next to vertical brackets indicate sig-
nificant differences between treatment groups. *p < 0.05; **p < 0.01; 
ns not significant
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mice by day +5 (Fig. 1b). Total splenocyte counts revealed 
a general increase in cellularity in anti-CD40-conditioned 
mice, in contrast to lymphodepletion in WBI-conditioned 
mice (Supplementary Fig.  1a). These results demonstrate 
that anti-CD40 dramatically increases donor T-cell accu-
mulation in the lymphoid organs of SV11 mice.

Consistent with previous results [10], high-level T-cell 
accumulation in the brain was first detected on day +5 
post-ACT in mice that received WBI conditioning (Fig. 1c), 
and this effect was duplicated in mice that received anti-
CD40. Unconditioned mice accumulated few TCR-IV T 
cells in the brain at this early time point. The total num-
ber of TCR-IV T cells in the brain of anti-CD40-condi-
tioned versus WBI-conditioned mice at day +5 was similar 
(Fig.  1d), indicating that accumulation in the brain is not 
proportional to accumulation in the periphery. Likewise, 
total cell accumulation in the brain was similar for WBI- 
and anti-CD40-conditioned mice (Supplementary Fig. 1b). 
Thus, both conditioning regimens promote early, high-level 
TCR-IV T-cell accumulation in the brain of tumor-bearing 
mice despite their differential effects on T-cell numbers in 
the lymphoid organs.

Anti‑CD40‑enhanced ACT promotes initial regression 
of established tumors

We asked whether T-cell accumulation in the brains of 
anti-CD40-conditioned mice was associated with tumor 

regression. Groups of mice received anti-CD40, control 
immunoglobulin (IgG), or WBI conditioning prior to the 
ACT and were euthanized on day +10 to assess tumor 
burden. Nine of ten mice in the anti-CD40-conditioned 
group showed evidence of tumor regression, either lack-
ing detectable tumors or having only residual small lesions 
that displayed stromal condensation (Fig. 2a, b). All mice 
that received ACT with WBI conditioning had either 
small residual lesions or none at all, consistent with pre-
vious observations [10]. In contrast, tumors were detected 
in 100 % of control IgG-conditioned mice, which in some 
cases invaded into the brain parenchyma (Fig. 2a, b).

Donor T cells contract dramatically 
in anti‑CD40‑conditioned SV11 mice

We evaluated T-cell accumulation on days +6 and +10 
post-ACT to determine the kinetics of the T-cell response 
following recruitment into the brain on day +5. On day 
+6, TCR-IV T cells comprised a high percentage of CD8+ 
T cells in the spleens and brains of anti-CD40- and WBI-
conditioned, but not control IgG-conditioned mice (Fig. 3a, 
b). These T cells were uniformly CD44hiCD62Llo, indi-
cating that donor cells in all groups had undergone ini-
tial T-cell activation and differentiation (Supplementary 
Fig. 2a). Donor cell frequencies were reduced in the spleen 
by day +10, but the reduction was much more dramatic 
in anti-CD40-conditioned mice where T-cell frequencies 
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Fig. 2   Anti-CD40-enhanced ACT promotes initial regression of 
established tumors. a H&E brain sections on day +10 post-ACT 
following conditioning with anti-CD40 (left), control IgG (mid-
dle), or WBI (right). Representative low-power images (top row, 
scale bar  =  1  mm) and high-power images (bottom row, scale 
bar  =  50  μm) that show established tumor refractory to therapy 
(middle column) or tumor stromal condensation indicative of tumor 

regression (left and right columns). b For each mouse, the larg-
est cross-sectional tumor area (mm2) observed in H&E sections 
was plotted. Data are pooled from multiple experiments with a total 
of 6–10 mice/group. Statistical significance was determined using 
the Kruskal–Wallis test with Dunn’s multiple comparison test. 
**p < 0.01; ns not significant
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dropped to levels observed in control IgG-conditioned 
mice (Fig.  3a). This reduced frequency was paralleled by 
a 48-fold decrease in total splenic TCR-IV T cells between 
days +6 and +10 (Fig.  3c, e), while the total number of 
splenic TCR-IV T cells remained constant in WBI-condi-
tioned mice. TCR-IV cell contraction in the brain was less 
pronounced (Fig.  3d, f), with the frequency significantly 
decreasing only for anti-CD40-conditioned mice (Fig. 3b), 
but with similar numbers of donor T cells persisting by 
day +10 in both WBI- and anti-CD40-conditioned mice. 
These results demonstrate that anti-CD40 promotes high-
level TCR-IV T-cell accumulation in the lymphoid organs 
of SV11 mice followed by dramatic contraction by day 
+10 when tumors have regressed. Contraction was less 

pronounced in the brain where a significant pool of donor T 
cells remained at day +10.

We also found that the proportion of accumulating TCR-
IV T cells that expressed the inhibitory receptor KLRG1 
was slightly elevated in spleens and brains of anti-CD40-
conditioned mice on day +6 (Supplementary Fig. 2b). By 
day +10, the KLRG1+ splenic subpopulation appeared 
elevated in both WBI- and anti-CD40-conditioned mice, 
but statistical significance was only achieved in anti-CD40-
conditioned mice (Supplementary Fig.  2c). Meanwhile, 
KLRG1 expression in the brain remained low on day +10 
in all groups and was significantly reduced in anti-CD40-
conditioned mice (Supplementary Fig.  2c). These results 
suggest that accumulation of terminally differentiated or 
senescent T cells is significantly enhanced by anti-CD40 
conditioning.

Anti‑CD40‑enhanced ACT promotes increased survival 
but not long‑term surveillance against tumor recurrence

Survival of mice that received anti-CD40 conditioning plus 
TCR-IV ACT was significantly prolonged compared to 
mice that received TCR-IV ACT with control IgG (Fig. 4a, 
b). However, all mice that received anti-CD40 condition-
ing plus TCR-IV ACT eventually succumbed to tumor 
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recurrence (median lifespan = 176 days of age). This was 
in contrast to mice that received WBI conditioning plus 
TCR-IV ACT, all of which survived until termination of 
the experiment at 215  days of age and appeared healthy 
and asymptomatic. A noninvasive tumor was observed in 
one mouse with papillary to focally solid architecture that 
did not resemble primary untreated tumors ([14] and sup-
plementary Fig.  3a: Tumor recurrence). TCR-IV T cells 
were detected in the spleen and cLN of all surviving mice 
in this group (Supplementary Fig.  3b). Approximately, 
half of the site IV-specific CD8+ T cells in the spleen and 
cLN retained the ability to produce IFNγ and degranulate 
in response to specific antigen stimulation (Supplementary 
Fig. 3b). Thus, ACT promotes initial tumor regression and 
significantly extends survival in anti-CD40-conditioned 
mice, but tumors eventually recur in 100 % of mice. Con-
versely, enduring tumor control was observed in WBI-con-
ditioned mice, which was associated with the persistence of 
functional TCR-IV T cells for over 130 days.

Donor T cells fail to persist in anti‑CD40‑conditioned 
SV11 mice following acute tumor regression

We asked whether tumor recurrence in anti-CD40-condi-
tioned mice correlated with loss of persisting TCR-IV T 
cells. Groups of mice were treated as described in Fig.  2 
using CD90.1+ donor TCR-IV T cells. On day +30, 
TCR-IV T cells were apparent in both spleen and brain of 
WBI-conditioned mice (Fig.  5a, b). In contrast, only low 
frequencies of TCR-IV T cells were detected in anti-CD40- 
and control IgG-conditioned mice (Fig.  5a, b). Quantita-
tive analysis in the spleen, cLN, and brain reinforced that 
TCR-IV T cells failed to persist in anti-CD40-conditioned 
mice (Fig. 5c). Within the spleen of WBI-conditioned mice, 
a subset of the persisting TCR-IV T cells were KLRG1+ 
(Fig.  5d), indicative of terminally differentiated effector 
cells and suggestive of ongoing immune surveillance. How-
ever, TCR-IV T cells persisting in brains from all groups 
lacked KLRG1 expression (Fig. 5e). Persisting TCR-IV T 
cells in spleens and brains of all mice expressed a similar 
CD44hiCD62Llo phenotype (Fig. 5d, e). These results illus-
trate that TCR-IV T cells fail to persist at significant levels 
in the brain and lymphoid organs of anti-CD40-conditioned 
mice despite their continued presence and signature of 
ongoing immunity in WBI-conditioned mice.

Sustained peripheral depletion of CD8+ T cells 
following WBI‑enhanced ACT does not promote tumor 
recurrence or eliminate donor T cells from the brain

The presence of KLRG1+ TCR-IV T cells at day +30 
in the spleens of WBI-conditioned mice suggested that 
peripheral effector cells may contribute to long-term tumor 

control. Thus, we depleted CD8+ cells from the lymphoid 
organs of WBI-conditioned mice that received TCR-IV 
ACT by weekly injection of anti-CD8 antibody beginning 
on day +20. Flow cytometric analysis of blood samples 
showed near complete CD8+ T-cell depletion (Supple-
mentary Fig.  4a–b). Mice were monitored for 12  weeks 
post-ACT during which time all appeared healthy without 
symptoms of tumor recurrence. On day +80, mice were 
euthanized to assess TCR-IV T-cell levels and tumor bur-
den. Anti-CD8 injections reduced TCR-IV T-cell levels in 
spleen and cLN, although the latter was not statistically 
significant due to variation in the control IgG-treated group 
(Fig. 6a). Inspection of brain sections revealed only small 
lesions in 6/6 mice in the CD8-depleted group (Fig. 6b and 
supplementary Fig.  4c). Similar results were obtained in 
the control-treated group, in which 5/6 mice had only resid-
ual lesions and one mouse developed a small mass. T Ag-
expressing choroid plexus cells were still detectable in rep-
resentative sections from both groups (Fig. 6c), indicating 
that extended survival of WBI-conditioned mice was not 
due to loss of oncogene expression. The experiment was 
repeated using CD90.1+ TCR-IV T cells to evaluate T-cell 
persistence in the brain. Despite reduced donor cell levels 
in the periphery, total numbers of brain-resident TCR-IV 
T cells were similar between treatment groups (Fig.  6d). 
Thus, long-term depletion of tumor-specific T cells from 
the circulation of SV11 mice following tumor regression 
does not promote tumor recurrence or eliminate persisting 
donor T cells from the brain.

Discussion

Our findings indicate that anti-CD40 conditioning facili-
tates acute regression of established tumors in combination 
with ACT but imply that additional immune manipulation 
is required to establish continuous immune surveillance 
when tumor recurrence is likely. The combination of anti-
CD40 with ACT was previously shown to enhance the 
magnitude of tumor-specific T-cell responses, but had 
only a minimal impact on tumor progression [18, 31, 33, 
42] unless additional immune modulators, such as inter-
leukin (IL)-2 or immunization, were provided [31–33]. 
Our results demonstrate that agonist anti-CD40 alone not 
only facilitates rapid, high-level donor CD8+ T-cell accu-
mulation systemically and at the tumor site but also pro-
motes regression of established autochthonous tumors. This 
robust response may be explained in part by the choice of 
target antigen, as targeting the weaker and less stable T Ag 
site V determinant with this approach previously failed to 
induce significant regression of choroid plexus tumors 
unless mice received multiple rounds of immunization [31]. 
Likewise, Cho et  al. [32] found that using a combination 
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of anti-CD40, tumor peptide, poly:ICLC, and recombi-
nant IL-2 immune complexes with ACT was most effec-
tive against antigenic determinants expressed at relatively 
high-levels on the tumor cells. The tumor type and micro-
environment may also play a dominant role in the success 
of the observed response. Anti-CD40-conditioning plus 
ACT targeting the site I determinant of T Ag in mice that 
develop insulinomas induced only a modest delay in tumor 
progression despite initial T-cell accumulation at the tumor 
site [18]. Whether T cells targeting site IV would promote 
effective tumor regression in anti-CD40-conditioned mice 
bearing insulinomas remains to be determined.

Acute TCR-IV T-cell accumulation reached tenfold 
higher levels in the spleens of anti-CD40- compared to WBI-
conditioned SV11 mice (Fig. 1). The basis for this difference 
could be explained by more efficient antigen presentation or 
increased support for T-cell proliferation within anti-CD40-
conditioned mice, among other explanations. In support of 
the latter, we found that total cell counts were dramatically 
increased in the lymphoid organs of anti-CD40-conditioned 
mice relative to control mice (Supplementary Fig. 1), as pre-
viously observed [16]. Despite such dramatic differences 
in the periphery, the number of donor T cells that initially 
accumulated in the brain was similar among anti-CD40- and 
WBI-conditioned mice, suggesting that only a threshold of 
activated T cells need be reached in the periphery to achieve 
a therapeutic level of T cells in the brain.

We demonstrate that anti-CD40-enhanced ACT sig-
nificantly increased the lifespan of SV11 mice but did not 
recapitulate the extended immune surveillance against 
tumor recurrence achieved in WBI-conditioned mice. Thus, 
tumor regression is not predictive of protection from tumor 
recurrence (Figs. 2, 4). Rather, T-cell persistence observed 
in WBI-conditioned mice was associated with long-term 
progression-free survival. Demonstration that tumors do 
not recur in WBI-conditioned mice following depletion of 
peripheral CD8+ T cells (Fig. 6) suggests that brain-resident 
TCR-IV T cells, which were resistant to antibody-based 

depletion, may provide long-term immune surveillance 
in the setting of ongoing T Ag expression, although this 
remains to be proven. These results raise the issue of why 
long-lived CD8+ T cells were not maintained in anti-CD40-
conditioned mice despite recruitment of an equivalent num-
ber of TCR-IV T cells into the brain at early time points. 
Alternatively, protection from tumor recurrence may be 
T-cell independent once tumors have been eliminated.

Could the high-level of donor T-cell accumulation 
achieved in anti-CD40-conditioned mice promote loss 
of the responding cells? These cells may be subjected to 
sustained high-level activation if they remain in the envi-
ronment of anti-CD40-conditioned mice, which may be 
indicated by the increased frequencies of KLRG1-express-
ing cells observed early in the response (Supplementary 
Fig.  2). Although unknown for the current study, exhaus-
tion of donor T cells has been shown to coincide with 
tumor relapse [43] and may precede donor T-cell loss in 
anti-CD40-conditioned SV11 mice. Of note, deletion of 
endogenous T cells was observed in human patients that 
received multiple doses of anti-CD40 [44]. The authors 
suggested that frequent dosing of anti-CD40 may lead to 
T-cell hyperstimulation and apoptosis. This conclusion is 
consistent with a study showing that continuous provision 
of agonist anti-CD40 can suppress the induction of colla-
gen-induced arthritis in mice [45]. However, suppression 
was achieved only if anti-CD40 was provided after colla-
gen administration. Thus, altering the timing of anti-CD40 
administration relative to ACT could potentially improve 
the durability of anti-tumor immune surveillance.

Kedl et  al. [42] previously showed that anti-CD40 as 
a monotherapy promoted early deletion of endogenous 
tumor-specific T cells but that T cells were protected from 
deletion by immunization with antigen-expressing vaccinia 
virus. Additionally, provision of toll-like receptor ligands 
has been shown to enhance the development of T-cell 
memory in anti-CD40-conditioned mice in vaccine and 
tumor models [46, 47], perhaps through induction of type 
I IFN which improves responses to survival cytokines such 
as IL-7 and IL-15 [48]. Notably, microbial products such 
as lipopolysaccharide can translocate across the gut lumen 
following WBI conditioning [6], triggering innate immune 
cells that may contribute to T-cell persistence. Recently, 
Zhang et al. [49] demonstrated that IL-15Rα is upregulated 
on multiple cell types including CD8+ T cells, dendritic 
cells, and B cells following anti-CD40 administration. Pro-
vision of exogenous IL-15, important for memory T-cell 
survival [50] was required for successful control of trans-
plantable prostate tumors. This finding raises the possibility 
that in the current study, limited IL-15 precludes TCR-IV 
T-cell persistence. Indeed, anti-CD40 promotes the sys-
temic expansion of multiple immune cell types, which may 
increase competition for survival cytokines between donor 

Fig. 5   Donor T cells fail to persist in anti-CD40-conditioned 
SV11 mice following acute tumor regression. Groups of SV11 
mice received either anti-CD40, control IgG, or WBI condition-
ing prior to ACT with CD90.1+ TCR-IV T cells. On day +30, cells 
from a spleens, cLN (not shown), and b brains were stained for 
CD90.1 and CD8. Values on dot plots indicate percent CD90.1+ of 
total CD8+ cells (mean ±  SEM). c Total CD90.1+ cells in spleens, 
cLN, and brains on day +30 are plotted. Representative histo-
grams of CD44, CD62L, and KLRG1 expression gated on live 
CD45.2+CD8+CD90.1+ TCR-IV T cells (open histogram) or 
CD45.2+CD8+CD90.1− T cells (filled histogram, spleen only) are 
shown on day +30 in d spleen and e brain. Values indicate the per-
cent of TCR-IV T cells within the indicated gate (mean  ±  SEM). 
Samples with <25 tetramer-IV+ T cells were not included in pheno-
type analyses. Data are representative of 3–5 mice/group. Statistical 
significance was determined using one-way ANOVA with Bonferroni 
posttest. **p < 0.01; ***p < 0.001; ****p < 0.0001; ns not significant

◂
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T cells and host immune cells. Meanwhile, the lymphode-
pleting effects of WBI create an environment in which 
increased cytokine availability, including IL-15, supports 
the differentiation and survival of donor T cells [3]. The 
combination of ACT with a cocktail of immune-modulatory 
agents, including anti-CD40, has been shown to reduce ini-
tial tumor burden and promote durable T-cell responses in 
a melanoma mouse model [32]. Taken together, these stud-
ies suggest that use of combination therapy in which other 
immune modulators are included with anti-CD40 may lead 
to prolonged immune surveillance.

While WBI plus ACT was sufficient to mediate long-
term progression-free survival in SV11 mice, immuno-
therapy against more resistant tumors may benefit from 
combining WBI with anti-CD40. As demonstrated, WBI 
provides limited control of tumor progression in the 
absence of ACT (Fig.  4). However, WBI may enhance 
tumor antigen availability through direct induction of 

immunogenic tumor cell death. While this mechanism has 
been primarily investigated using higher doses of irradia-
tion [51–53], a recent study provides evidence that immu-
nogenic cell death may be induced using lower doses of 
irradiation as used in the current study [54]. Therefore, 
WBI and anti-CD40 could play complementary roles in the 
setting of ACT, with WBI increasing tumor antigen avail-
ability for APCs that become licensed for enhanced T-cell 
priming by anti-CD40 [55]. WBI might also improve T-cell 
persistence when used in combination with anti-CD40 
by increasing donor T-cell access to survival cytokines 
through lymphodepletion [3]. Conversely, combining anti-
CD40 with WBI may be detrimental, as anti-CD40-medi-
ated T-cell depletion may override the pro-survival effects 
of WBI. These questions remain to be evaluated.

In clinical trials, T cells expanded ex vivo to provide large 
doses for reinfusion into cancer patients are characterized by 
terminal differentiation and reduced potential to persist and 

Fig. 6   Sustained peripheral 
depletion of CD8+ T cells 
following WBI-enhanced 
ACT does not promote tumor 
recurrence or eliminate donor 
T cells from the brain. WBI-
conditioned mice received ACT 
with TCR-IV T cells. Beginning 
on day +20, groups of mice 
received weekly injections of 
control antibody or depleting 
anti-CD8. a Quantification of 
tetramer-IV+ T cells on day 
+80 in spleen and cLN. b The 
cross-sectional area of the larg-
est lesion in each brain was cal-
culated and plotted. n = 6 mice/
group. c Immunohistochemical 
staining for SV40 T antigen on 
brain sections from mice in part 
b. d In a second experiment 
using CD90.1+ TCR-IV T cells, 
mice were harvested at day 
+80 post-ACT and CD90.1+ 
T cells were quantified in all 
three tissues. n = 4 mice/group. 
**p < 0.01; ***p < 0.001; ns 
not significant
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self-renew [1]. Recently the potential for dedifferentiation 
of patient-derived T cells from a terminal-effector toward a 
naïve- or stem-like phenotype has been highlighted [56]. The 
addition of anti-CD40 to WBI conditioning could potentially 
reduce the demand for high numbers of expanded T cells, 
resulting in transfer of less-differentiated T cells that are 
desirable for use in ACT. Collectively, our results indicate 
that anti-CD40 conditioning can promote strong anti-tumor 
effects by ACT and raise the possibility of utilizing this 
approach alone or in combination with other immune inter-
ventions to achieve significant clinical benefits.
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