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ABSTRACT
Background  Systemic radiation treatments that 
preferentially irradiate cancer cells over normal tissue, 
known as targeted radionuclide therapy (TRT), have 
shown significant potential for treating metastatic prostate 
cancer. Preclinical studies have demonstrated the ability of 
external beam radiation therapy (EBRT) to sensitize tumors 
to T cell checkpoint blockade. Combining TRT approaches 
with immunotherapy may be more feasible than combining 
with EBRT to treat widely metastatic disease, however the 
effects of TRT on the prostate tumor microenvironment 
alone and in combinfation with checkpoint blockade have 
not yet been studied.
Methods  C57BL/6 mice-bearing TRAMP-C1 tumors and 
FVB/NJ mice-bearing Myc-CaP tumors were treated with 
a single intravenous administration of either low-dose 
or high-dose 90Y-NM600 TRT, and with or without anti-
PD-1 therapy. Groups of mice were followed for tumor 
growth while others were used for tissue collection and 
immunophenotyping of the tumors via flow cytometry.
Results  90Y-NM600 TRT was safe at doses that elicited a 
moderate antitumor response. TRT had multiple effects on 
the tumor microenvironment including increasing CD8 +T 
cell infiltration, increasing checkpoint molecule expression 
on CD8 +T cells, and increasing PD-L1 expression on 
myeloid cells. However, PD-1 blockade with TRT treatment 
did not improve antitumor efficacy. Tregs remained 
functional up to 1 week following TRT, but CD8 +T cells 
were not, and the suppressive function of Tregs increased 
when anti-PD-1 was present in in vitro studies. The 
combination of anti-PD-1 and TRT was only effective in 
vivo when Tregs were depleted.
Conclusions  Our data suggest that the combination of 
90Y-NM600 TRT and PD-1 blockade therapy is ineffective 
in these prostate cancer models due to the activating 
effect of anti-PD-1 on Tregs. This finding underscores the 
importance of thorough understanding of the effects of TRT 
and immunotherapy combinations on the tumor immune 
microenvironment prior to clinical investigation.

BACKGROUND
Radiation therapy has long been one of the 
mainstay treatments for prostate cancer. 

External beam radiation therapy (EBRT) is 
a standard of care curative option for local-
ized disease, but its role in widely metastatic 
disease has traditionally been limited to palli-
ation of a small number of painful sites. An 
alternative method of treating pain from bone 
metastases at many sites was developed using 
systemic administration of radionuclides that 
are deposited in areas of active bone turnover, 
such as the beta-emitting radionuclides 89Sr 
and 153Sm.1 2 This approach of using systemic 
radiation to treat all sites of metastatic disease 
simultaneously with relative sparing of 
healthy tissue is called targeted radionuclide 
therapy (TRT). Another bone-seeking agent, 
the alpha-emitting radionuclide 223RaCl2 
(Xofigo), was US Food and Drug Adminis-
tration (FDA)-approved for the treatment of 
metastatic castration-resistant prostate cancer 
(mCRPC) based on data showing extended 
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survival, though its efficacy is limited to patients with 
bony disease.3

More recently, there has been interest in developing 
TRTs that are targeted to prostate tumor cells rather 
than areas of bone remodeling, enabling them to be 
used for patients with visceral disease. One of the first 
TRT approaches used a radiolabeled antibody specific 
for prostate-specific membrane antigen (PSMA) called 
J591.4 5 Subsequent efforts have focused on small mole-
cules specific for PSMA such as [18F]DCFPyL and PSMA-
617 which have both been used as positron emission 
tomography (PET) tracers.6–13 PSMA-617 has also been 
radiolabeled with various radiometals including 90Y, 177Lu, 
and 225Ac, and used therapeutically. Following the success 
of the VISION trial, 177Lu-PSMA-617 has just received 
FDA approval for treatment of mCRPC.14 While this TRT 
approach is a step forward in the treatment of mCRPC, it 
only extends survival by about 4 months.

Due to a large body of preclinical evidence suggesting 
that irradiating tumors can increase their susceptibility 
to immunotherapy, there is already much interest in 
combining 177Lu-PSMA-617 and other TRTs with immu-
notherapy.15–20 This may be particularly useful for pros-
tate cancer for which immune checkpoint blockade 
monotherapy has yielded disappointing results.21–23 
Even low doses of radiation can induce an inflammatory 
response in poorly immunogenic tumors by increasing 
MHC-I expression on tumor cells, increasing cross-
presentation by antigen-presenting cells, promoting Fas/
Fas ligand (Fas-L) signaling, and inducing immunogenic 
cell death.16 24 25 It has also been shown that the antitumor 
effects of radiation therapy are partly immune-mediated.26 
Two notable clinical trials have evaluated the combina-
tion of checkpoint blockade and EBRT in the metastatic 
setting. Both showed trends toward improvement in 
the combination arms but failed to reach prespecified 
endpoints.27 28 It is possible that these trials were unsuc-
cessful because radiation was delivered to only a small 
number of sites, leaving the other sites resistant to immu-
notherapy. TRT could therefore be an approach that 
overcomes this limitation. However, the effects of TRT 
on the prostate tumor immune microenvironment have 
yet to be characterized because most existing preclin-
ical studies of TRT agents in prostate cancer have been 
performed in immunocompromised mice. Further, it is 
not known whether the combination of TRT and check-
point blockade is effective in this disease.

Our group has used alkylphosphocholines (APCs), 
which have been shown to selectively accumulate in 
many tumor cell types via insertion into lipid rafts, as 
TRT agents.29 First generation 131I-NM404 is currently 
being investigated as a treatment for metastatic multiple 
myeloma and other cancers.30–33 We have recently focused 
on evaluating the second generation APC, NM600, 
which can be radiolabeled with a variety of radiometals. 
By labeling with 86Y, we can image tumors and perform 
dosimetry estimation via PET/CT, while by labeling with 
the isotopic pair, 90Y, we are able to deliver therapeutic 

radiation. The relatively long 3.9 mm mean path length 
of 90Y enables it to deliver homogenous radiation doses 
across a tumor, treating both cancer cells and surrounding 
cell types. This theranostic approach using 90Y-NM600 has 
shown success in multiple preclinical models, but has not 
yet been evaluated in prostate cancer.34–37

In this report, we studied the effects of 90Y-NM600 TRT 
on the prostate tumor immune microenvironment in 
two different strains of mice to evaluate its use in combi-
nation with immune checkpoint blockade. We found 
that 90Y-NM600 increases CD8  +T cell infiltration while 
increasing PD-1 expression on CD8 +T cells. Unexpect-
edly, we observed that the combination of TRT and PD-1 
blockade did not improve antitumor efficacy. We demon-
strated that this lack of efficacy was mediated by the acti-
vating effects of PD-1 blockade on regulatory CD4  +T 
cells (Tregs) and that antitumor efficacy was improved by 
in vivo Treg depletion. These data underscore the impor-
tance of mechanistic understanding of the effects of TRT 
on the tumor microenvironment to best guide the timing 
and choice of combination therapies in prostate cancer.

METHODS
Radiosynthesis of 86/90Y-NM600
86Y production, NM600 radiolabeling, and purification 
were performed as previously described.34 36

Cell lines
TRAMP-C1 (CRL-2730) and Myc-CaP (CRL-3255) cell 
lines were obtained from ATCC (Manassas, VA) and 
maintained according to ATCC recommendations. Cells 
were tested for mycoplasma contamination.

Mice
All animal studies were performed with approval from 
the University of Wisconsin Institutional Animal Care and 
Use Committee. C57BL/6J mice (stock #000664), FVB/
NJ mice (stock #001800), and C57BL/6-Tg(Foxp3-DTR/
EGFP)23.2Spar/Mmjax (DEREG, stock #32050-JAX) 
mice were obtained from The Jackson Laboratory (Bar 
Harbor, ME) and housed in microisolator cages under 
aseptic conditions.

Tumor implantation
Male C57/BL6 or DEREG mice aged 6–8 weeks were 
injected subcutaneously with 1×106 TRAMP-C1 cells in 
50% Matrigel (Corning, Corning, NY CB354248) and 
50% phosphate-buffered saline (PBS) in the right flank. 
Similarly, 1×106 Myc-CaP cells in PBS, without Matrigel, 
were implanted into the right flank of 6–8 weeks male 
FVB mice.

PET/CT imaging
PET/CT imaging was performed as previously 
described.34 36 Briefly, mice-bearing TRAMP-C1 (n=4) or 
Myc-CaP tumors (n=3) were injected with 9.25 MBq of 86Y-
NM600 intravenously and sequential CT and static PET 
scans were acquired in an Inveon microPET/microCT 
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scanner (Siemens Medical Solutions, Knoxville, TN) at 
approximately 3, 24, 42, and 66 hours postradiotracer 
injection.

Dosimetry estimations
Dosimetry estimations were performed as previously 
reported using a Monte Carlo-based dosimetry assess-
ment platform, Radionuclide Assessment Platform for 
Internal Dosimetry.38–40

Tumor growth studies
Tumors were measured twice weekly via calipers. Tumor 
volume was calculated as (long axis x short axis2)/2. Mice 
were randomized to treatment groups and treatment was 
initiated once tumor volumes reached 100–200 mm3.

90Y-NM600 TRT
Either 50 µCi (1.85 MBq; low dose) or 250 µCi (9.25 
MBq; high dose) of 90Y-NM600 was injected into the tail 
vein of tumor-bearing mice. Based on dosimetry studies 
as described above, we estimate that low-dose TRT deliv-
ered 1–2 Gy to TRAMP-C1 tumors and 3–4 Gy to Myc-
CaP tumors, while high-dose TRT delivered 5–6 Gy to 
TRAMP-C1 tumors and 16–20 Gy to Myc-CaP tumors.

Antibody treatments
All antibodies were administered at 200 µg intraper-
itoneally. An anti-PD-1 hybridoma (clone G4) was 
given as a gift by Lieping Chen. Anti-PD-1 antibody 
was produced by Envigo (Madison, WI). Anti-PD-1 was 
administered intraperitoneally either on day 0 or days 
0, 3, and 6 following TRT. Anti-PD-L1 antibody (BioX-
Cell, Lebanon NH, BE0101) was given on days 0, 3, and 
6 following TRT. Anti-CTLA-4 IgG2b was purchased 
from BioXCell (BP0164), while anti-CTLA-4 IgG2a 
was produced by Neoclone (Madison, WI) from a 
hybridoma provided by Bristol-Myers Squibb (New York 
City, NY). Anti-CTLA-4 antibodies were given on days 0, 
3, and 6 following TRT. Armenian Hamster IgG (BioX-
Cell BE0091) and Mouse IgG2a (BioXCell BP0085) 
were used as controls.

DEREG mice
Hemizygous male DEREG mice were implanted with 
TRAMP-C1 tumors as above then injected intraperitone-
ally on day −2 and day −1 before TRT with 1 µg diptheria 
toxin to transiently deplete Tregs. They were also treated 
with IgG or anti-PD-1 on day 0 as above.

Complete blood count
TRAMP-C1 (n=5 per group) and Myc-CaP (n=3 per 
group) tumor-bearing mice were treated with low-dose or 
high-dose TRT as above. Mice were then euthanized at 
several time points and blood was collected via cardiac 
puncture. Complete blood count (CBC) analysis was 
performed using a VetScan HM5 veterinary hematology 
analyzer (Abaxis, Union City, CA).

Flow cytometry
Mice were implanted with TRAMP-C1 or Myc-CaP tumors 
and treated with TRT as above. Tumors were collected 
at various time points following TRT then digested for 
1–2 hours at 37° in mouse cell culture medium: RPMI 
1640 with L-glutamine, 10% fetal calf serum (FCS), 200 
U/mL Pen/Strep, 5% sodium pyruvate, 5% HEPES, and 
50 µM β-MeOH supplemented with 2 mg/mL collage-
nase, 0.2 mg/mL DNAse I, and 1 tablet protease inhib-
itor (Sigma-Aldrich, St. Louis, MO, 11697498001) per 
50 mL digest solution. Digests were then passed through 
100 µm screens. Next, 5 million cells were plated and Fc 
blocked (BD, Franklin Lakes, NJ, 553142) for 20 min at 
4°C. Cells were then stained for 30 min at 4°C with the 
viability dye Ghost Dye Red 780 (Tonbo 13-0865 T100) 
and up to 12 of the following antibodies: CD11b-BB515 
(BD 564454), CD25-BB700 (BD 566498), GR-1-PE-CF594 
(BD 562710), CD3-PE-Cy7 (eBiosciences Thermo Fisher 
Scientific, Waltham, MA 25-0031-82), MHCII-BV421 
(Biolegend San Diego, CA 107632), CD45-BV510 (BD 
563891), CD4-BV605 (Biolegend 100451), CD19-BV711 
(BD 563157), CD11c-APC (BD 550261), CD8-AF700 
(100730), CD44-AF488 (Biolegend 103016), CD45-
PerCP-Cy5.5 (Biolegend 103132), KLRG-1-PE (Biolegend 
138408), CD69-PE-CF594 (BD 562455), CD62L-BV510 
(Biolegend 104441), CD103-BV605 (Biolegend 121453), 
CD27-BV785 (Biolegend 124241), CD4-APC-Cy7 
(Biolegend 561830), LAG-3-BB515 (BD 564672), CD3-
PerCP-Cy5.5 (BD 561108), TIGIT-PE (Biolegend 156104), 
TIM-3-PE-Dazzle594 (Biolegend 134014), CTLA-4-
PE-Cy7 (Biolegend 106314), VISTA-BV421 (Biolegend 
150212), PD-1-BV711 (BD 748265), CD137-APC 
(Biolegend 106110), CD11c-BB515 (BD 565586), MHCII-
PerCP-Cy5.5 (BD 562363), CD137L-PE (Biolegend 
10705), H-2Db-PE-Dazzle594 (Biolegend 111522), 
CD155-PE-Dazzle594 (Biolegend 131516), GR-1-PE-Cy7 
(BD 552985), PD-L1-BV605 (Biolegend 124321), CD86-
BV711 (BD 740709), Gal-9-APC (Biolegend 137912), and 
CD11b-AF700 (BD 557960)

Cells were then fixed and permeabilized with the eBio-
science Foxp3/Transcription Factor Staining Buffer Set 
overnight at 4°C (Thermo Fisher 00-5523-00). Cells were 
then stained with intracellular antibodies for 30 min at 
4°C: FoxP3-PE (Thermo Fisher 12-5773-82), Ki67-BV421 
(BD 562899).

Stained and fixed cells were then resuspended in 90% 
FCS and 10% DMSO then frozen at −80°C until ready 
for analysis. Flow cytometry was performed on a Thermo 
Fisher Attune NxT cytometer and data were analyzed 
using FlowJo V.10. Gates were set according to fluores-
cence minus one controls. Gating strategies are shown in 
online supplemental figures 1–4.

In vitro studies
Treg suppression assays
Spleens were harvested from wild-type C57/BL6 mice 
and passed through 100 µm screens. CD8 +T cells were 
isolated from splenocytes via immunomagnetic negative 
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selection (StemCell Vancouver, BC, Canada, 19853), 
then labeled with PKH26 (Sigma PKH26GL-1KT) or 
carboxyfluorescein succinimidyl ester (CFSE, Biolegend 
423801) according to the manufacturer’s instructions. 
Spleens and tumors were collected from TRAMP-C1 
tumor-bearing mice 7 days following either no treatment 
or high-dose TRT treatment and processed into single 
cell suspensions as above. Tregs were then isolated from 
these tissues using the EasySep Mouse CD4 +CD25+Reg-
ulatory T Cell Isolation Kit II (StemCell 18783). 1×105 
labeled CD8 +T cells were cultured together with Tregs 
at a 1:1 or 1:10 ratio of Tregs to CD8 +T cells. CD8 +T 
cells were stimulated with anti-CD3/anti-CD28 coated 
beads (Thermo Fisher 11 456D) at a ratio of 2 beads per 
CD8  +T cell. Cells were cultured with 30 units/mL of 
human IL-2 for 72 hours in 96-well plates before analysis 
via flow cytometry.

To test the effects of PD-1/PD-L1 signaling on Treg 
suppressive ability, M-450 Tosylactivated beads (Thermo 
Fisher Scientific 14013) were coated with anti-CD3, 
anti-CD28, and PD-L1 Fc (R&D Systems Minneapolis, 
MN) or Mouse IgG2a control according to the manu-
facturer’s instructions. Briefly, 8×107 beads were incu-
bated in 0.1 M sodium phosphate buffer with 40 µg of 
total protein comprised of 10% anti-CD3 (Biolegend 
100339), 10% anti-CD28 (Biolegend 102115), and 80% 
IgG for CD3/28/IgG beads, or 10% PD-L1 and 70% 
IgG for CD3/28/PD-L1 beads. Beads were washed three 
times with PBS+0.1% BSA and 2 mM EDTA before use. 
CD3/28/IgG or CD3/28/PD-L1 beads were added to 
cultures containing labeled CD8  +T cells and Tregs in 
place of ready-made anti-CD3/anti-CD28 beads. Anti-
PD-1 or IgG was added to the culture at 5 µg/mL. Cells 
were cultured as before for 72 hours then cells were 
analyzed for proliferation via flow cytometry.

Cd8+ T cell functional assay
TRAMP-C1 tumor cell suspensions were obtained from 
untreated or TRT-treated mice as above. CD8  +T cells 
were then isolated using immunomagnetic separation 
then stimulated with anti-CD3/anti-CD28 beads for 
48 hours. The plate was frozen at −80 until radioactive 
cells had decayed to background level, then media was 
analyzed for IFNγ secretion via ELISA.

ELISA
ELISA was performed as previously described.41 Briefly, 
plates were coated overnight at 4°C with anti-mouse IFNγ 
antibody (BD #551216), then blocked with PBS/1% 
BSA before adding standards (BD #554587) and super-
natants and incubating the plate overnight at 4°C. The 
next day, biotin-conjugated anti-mouse IFNγ antibody was 
added (BD #554410), followed by avidin-HRP (BioRad 
Hercules, CA, 170-6528), and TMB Substrate (Kirkegaard 
and Perry, Gaithersburg, MD, 50-76-01), stopped with 1N 
HCl, and read at OD450.

Statistical analysis
Time course CBC and flow cytometry data were analyzed 
via two-way analysis of variance (ANOVA), followed by 
pairwise testing and p value adjustment according to the 
Benjamini-Hochberg (BH) procedure when comparing 
all conditions to baseline or planned contrasts when 
comparing only two conditions at each time point. For 
experiments in which there was not an untreated control 
for every time point, all untreated control data (day 0 and 
day 29) was pooled, then each TRT-treated condition was 
compared with this control. Flow cytometry data collected 
at a single time point and ELISA data were analyzed via 
one-way ANOVA followed by pairwise testing and BH 
adjustment. Tumor growth data were analyzed by fitting 
a linear mixed-effects model followed by pairwise testing 
and BH adjustment. Survival data were tested via the log 
rank test followed by pairwise testing and BH adjustment. 
All data analysis was performed in R V.4.0.2.

RESULTS
90Y-NM600 could be given at safe doses but was not curative 
in prostate tumor models
We studied the effects of 90Y-NM600 on two established 
murine prostate tumor models. Specifically, we used the 
TRAMP-C1 and Myc-CaP models to see if our results 
could be reproduced across tumors with different growth 
rates, genetic backgrounds, driver mutations, 90Y-NM600 
uptake, and baseline immune infiltration. To determine 
whether 90Y-NM600 exhibited favorable therapeutic ratios 
in these models, we implanted tumor cells and waited 
until they reached a volume of approximately 100–200 
mm3 before administering 86Y-NM600 via tail vein. We 
then determined longitudinal tumor and normal tissue 
distribution via serial PET/CT imaging (online supple-
mental figure 5A)34 to estimate 90Y-NM600 dosimetry. We 
estimated that we could deliver a comparable or higher 
dose to the tumor than to all normal tissues in each 
experimental system (figure  1A,B). High liver dose was 
expected given that NM600 is hepatically cleared. Given 
our previous finding that up to 250 µCi of 90Y-NM600 
can be safely administered before inducing severe bone 
marrow toxicity,36 we evaluated two dose levels of 90Y-
NM600: 50 µCi of injected activity (low dose) and 250 
µCi of injected activity (high dose). We estimated that 
low-dose TRT delivered 1–2 Gy to TRAMP-C1 and 4–5 
Gy to Myc-CaP tumors, while high-dose TRT delivered 
5–6 Gy to TRAMP-C1 tumors and 16–20 Gy to Myc-CaP 
tumors. We injected 90Y-NM600 intravenously into tumor-
bearing mice at the two doses and collected blood at 
several timepoints, then assessed for changes in periph-
eral blood counts via CBC. We found that both low-dose 
and high-dose 90Y-NM600 could be administered without 
severe bone marrow toxicity. There was a transient drop 
in white cell counts, lymphocytes, and hemoglobin in 
the TRAMP-C1 model which was more pronounced 
following high-dose administration but resolved by 
the end of the study period (figure  1C–F). We found 
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Figure 1  90Y-NM600 could be given at safe doses but was not curative in prostate tumor models. Tumor-bearing mice were 
injected with 86Y-NM600 and imaged via serial PET/CT at several time points as shown in online supplemental figure 5A.34 
Normal tissue and tumor dosimetry were then estimated in (A) TRAMP-C1 (n=4 mice per group) and (B) Myc-CaP (n=3 mice 
per group) as previously published.34 Tumor-bearing mice were treated with a single intravenous administration of 90Y-NM600. 
Blood was then collected at various timepoints. (C–F) Complete blood count data in untreated, low-dose treated, and high-
dose TRT-treated animals (n=5 per group) bearing TRAMP-C1 tumors. (G–J) Corresponding complete blood count data in TRT-
treated animals (n=3 per group) bearing Myc-CaP tumors. Mice were given either no treatment, low-dose TRT or high-dose 
TRT as shown in the study schemas for (K) TRAMP-C1 tumor-bearing mice (n=7 per group) or (L) Myc-CaP-tumor-bearing mice 
(n=5 per group). Growth curves are shown for (M) TRAMP-C1and (N) Myc-CaP tumors (n=5 per group). Lightning bolt symbols 
indicate the day that TRT treatment was administered. (O, P) Kaplan-Meier curves depicting survival (time to a tumor size of 
2000 mm3 or death) in mice from M and N, respectively. *P<0.05, **p<0.01, ***p<0.001 compared with untreated controls. 
Error bars represent mean±SE. Tumor growth curves were compared using linear mixed-effects model followed by pairwise 
testing and BH adjustment. Kaplan-Meier curves were compared using the log-rank test followed by pairwise testing and BH 
adjustment. Results shown are from one experiment and are representative of two independent experiments (shown in online 
supplemental figure 5D–G). BH, Benjamini-Hochberg; ns, not significant; TRT, targeted radionuclide therapy; PET, positron 
emission tomography.
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similar results in the Myc-CaP model, though only the 
decrease in lymphocytes reached statistical significance 
(figure 1G–J). We observed a trend toward an absorbed 
dose-dependent effect on tumor growth in both models. 
In the TRAMP-C1 model, both low-dose and high-dose 
TRT significantly slowed tumor growth compared with 
control. There was a trend toward slower tumor growth 
in the high-dose treated mice than in low-dose treated 
mice, though this was not significant (p=0.1). There was 
no significant improvement in survival in either the low-
dose (p=0.81; HR 0.74, 95% CI 0.26 to 2.13) or high-dose 
conditions (p=0.06; HR 0.28, 95% CI 0.09 to 0.91). In 
the Myc-CaP model, there was no significant difference 
in tumor growth rate in either the low-dose or the high-
dose condition. There was significantly improved survival 
in the high-dose treatment arm in the Myc-CaP model 
(p=0.038; HR 0.13, 95% CI 0.02 to 0.73) but not in the 
low-dose treatment arm (p=0.378; HR 0.42, 95% CI 0.10 
to 1.77), and no significant difference between the low-
dose and high-dose arms (p=0.25) High-dose 90Y-NM600 
was not sufficient to elicit regression of either tumor type 
(figure 1K–P, online supplemental figure 5B–G).

90Y-NM600 increased CD8+ T cell infiltration into prostate 
tumors but also increased checkpoint molecule expression
Having established that 90Y-NM600 TRT could be admin-
istered safely, we next investigated its effects on the tumor 
immune microenvironment via flow cytometry of TRT-
treated tumors. We found that TRT caused an initial decline 
in CD8 +T cell numbers, but with high-dose treatment, T cells 
recovered and exceeded baseline levels on day 14 post-TRT 
in the TRAMP-C1 model (figure 2A, p=0.006). We observed 
the same trend in the Myc-CaP model, though the increase in 
CD8 +T cells was not significant (online supplemental figure 
6A). High-dose TRT also increased activation of CD8  +T 
cells in TRAMP-C1 tumors on day 3, with increases in CD69 
(p<0.001), and CD137 (p=0.004) expression (figure  2B). 
Further immunophenotyping of the CD8 +T cell compart-
ment revealed an early increase in effector memory CD8 +T 
cells after TRT administration, with no increase in central 
memory, resident memory, or short-lived effector cells 
(figure 2C). Examining checkpoint molecule expression on 
CD8 +T cells recovering following TRT treatment revealed 
elevated expression of PD-1, CTLA-4, LAG-3, and VISTA in 
high-dose treated tumors (figure 2D). Checkpoint molecule 
expression followed similar patterns in the Myc-CaP model, 
though only CTLA-4 expression was significantly elevated 
over baseline (online supplemental figure 6B–D). Finally, we 
measured PD-L1 expression and found an increase in PD-L1 
expression on day 1 (p=0.009) and 3 (p=0.005) on CD11b+Gr-
1+myeloid derived suppressor cells (MDSCs) treated with 
high-dose TRT. Dendritic cells (DCs) from high-dose treated 
mice showed a similar but non-significant increase in PD-L1 
expression at day 3 (p=0.052), while no increase was seen on 
tumor cells (figure 2E). In contrast, in the Myc-CaP model, 
tumor cells showed PD-L1 expression peaking at Day 4 in 
both the low-dose (p=0.003) and high-dose (p<0.001) condi-
tions (online supplemental figure 6E). Taken together, these 

data suggest that 90Y-NM600 may be capable of driving acti-
vated CD8 +T cell infiltration into the tumor microenviron-
ment, but over time these T cells begin to express high levels 
of immune checkpoint molecules while myeloid cells express 
increased PD-L1. Our findings also demonstrated that high-
dose 90Y-NM600 exerted a stronger antitumor effect, and also 
elicited a concomitantly stronger immune response than low-
dose 90Y-NM600.

Adding PD-1 blockade to 90Y-NM600 TRT did not improve 
antitumor efficacy
Due to the increased PD-1 expression on CD8 +T cells and 
PD-L1 expression on myeloid cells following TRT, we hypoth-
esized that blockade of the PD-1/PD-L1 axis in combination 
with TRT would further improve antitumor efficacy. To test 
this, we implanted prostate tumors and treated with a single 
administration of 90Y-NM600 at the two dose levels as before, 
together with a single treatment with either IgG or anti-PD-1 
on the same day (figure 3A,B). We then followed mice for 
tumor growth. However, in the TRAMP-C1 model, we unex-
pectedly observed an attenuation in antitumor response 
in the TRT+anti-PD-1 condition compared with TRT+IgG 
(p=0.02, figure 3C). In the Myc-CaP model, we observed no 
added benefit to combining anti-PD-1 and TRT (figure 3D, 
online supplemental figure 7D). We further tested delivering 
anti-PD-1 therapy 6 days after high-dose TRT, on days 0, 3, 
and 6 following high-dose TRT, and giving anti-PD-L1 therapy 
on days 0, 3, and 6 following high-dose TRT in TRAMP-C1 
tumor-bearing mice; we observed either no improvement 
in antitumor efficacy or a reduction in the efficacy of TRT 
(online supplemental figure 7A,C). Similarly, anti-PD-1 
therapy did not augment antitumor efficacy when combined 
with low-dose TRT (online supplemental figure 7B,C).

Combined 90Y-NM600 TRT and PD-1 blockade increased 
intratumoral Treg frequency while reducing effector memory 
CD8+ T cell populations
To investigate the mechanism of this unexpected finding, 
we performed a similar study as in figure 3A but collected 
tumors at several timepoints following treatment for eval-
uation of the immune cell composition via flow cytom-
etry. We found that the addition of PD-1 blockade to TRT 
was associated with increased Treg frequency at Day 8 
compared with IgG +TRT (p=0.04), with no changes in 
the frequency of MDSCs (figure  4A,B). Though it has 
been reported that certain clones of anti-mouse anti-PD-1 
antibodies can deplete CD8 +T cells through Fc gamma 
receptor binding,42 we found an increase in all CD8 +T 
cells with the addition of anti-PD-1 at Day 14 (p=0.005, 
figure  4C). However, there was a specific decrease in 
effector memory cells at day 3 when anti-PD-1 was added 
(p=0.02, figure  4D). The other CD8  +T cell memory 
subsets did not significantly differ between the anti-PD-1 
and IgG conditions (figure 4E–G).

https://dx.doi.org/10.1136/jitc-2022-005060
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https://dx.doi.org/10.1136/jitc-2022-005060
https://dx.doi.org/10.1136/jitc-2022-005060
https://dx.doi.org/10.1136/jitc-2022-005060
https://dx.doi.org/10.1136/jitc-2022-005060
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Figure 2  90Y-NM600 increased CD8 +T cell infiltration into prostate tumors but also increased checkpoint molecule 
expression. TRAMP-C1 tumors were collected from mice (n=5 per group) at several time points following no treatment 
(control), low-dose TRT, or high-dose TRT, digested, and evaluated for cellular composition by flow cytometry. Shown are: 
(A) CD3 +CD8+T cells as a percentage of CD45 +cells. (B) CD69 (left) and CD137 (right) median fluorescence intensity (MFI) 
on CD8 +T cells. (C) Percent of CD8 +T cells bearing markers for effector memory (CD44 +CD27-CD62L-), central memory 
(CD44 +CD27+CD62L+), resident memory (CD44 +CD69+CD103+) or short-lived effector (KLRG-1 +CD127-) cell phenotypes. 
(D) MFI of PD-1, CTLA-4, LAG-3, and VISTA on CD8 +T cells (E) PD-L1 MFI on dendritic cells (CD11b-CD11c+MHCII+ cells), 
myeloid-derived suppressor cells (MDSCs; CD11b+Gr-1+), and tumor cells (CD45-). *P<0.05, **p<0.01, *** p<0.001 compared 
with untreated controls via two-way ANOVA with Benjamini-Hochberg adjustment of pairwise tests. To perform pairwise testing, 
untreated controls were pooled then compared with each TRT-treated group. Error bars represent mean±SE. Results shown are 
from one experiment and are representative of two independent experiments. ANOVA, analysis of variance; DCs, dendritic cells; 
TRT, targeted radionuclide therapy.
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90Y-NM600 TRT with PD-1 blockade increased suppressive 
activity of Tregs while decreasing activity of CD8+ T cells
Based on these findings and previous reports,43 we 
hypothesized that PD-1 blockade following TRT may 
result in increased suppressive activity by Tregs, resulting 
in an impaired antitumor response. We first examined 
whether 90Y-NM600 alone affected Treg or CD8  +T cell 
function. To assess Treg function, we isolated Tregs from 
TRAMP-C1 tumor-bearing mice that received either no 
treatment or TRT 1 week prior, and then cultured them 
in the presence of wild-type CD8 +T cells labeled with a 
membrane-incorporating dye. We found that Tregs from 
the spleens and tumors of TRAMP-C1 tumor-bearing 
mice were equally effective at suppressing CD8  +T cell 
proliferation whether or not they had received radia-
tion (figure 5A,B). To measure CD8 +T cell function, we 
collected CD8 +T cells from TRAMP-C1 tumors 1 week 
following no treatment or TRT, treated them with anti-
CD3/anti-CD28 stimulation, and then measured IFNγ 
secretion. We found that unlike untreated CD8 +T cells, 
TRT-treated CD8  +T cells did not secrete greater IFNγ 
than background (figure 5C). These data demonstrated 
that 90Y-NM600 at these doses left Tregs functional while 
rendering CD8 +T cells dysfunctional. We next measured 

PD-1 expression on CD8 +T cells and Tregs in TRAMP-C1 
tumors, and found that in non-TRT treated tumors, Tregs 
had at least twofold greater expression of PD-1 on days 3, 
7, and 14 (figure 5D). In TRT-treated tumors, there was 
an induction in PD-1 expression on CD8 +T cells at day 14 
as shown earlier, but at day 3 and day 7, Tregs continued 
to express higher levels of PD-1 (figure 5D). Moreover, 
looking at numbers of PD-1 +T cells, we found that there 
were fivefold more PD-1 +Tregs on day 7 compared with 
PD-1  +CD8 s in TRT-treated tumors (figure  5E). Taken 
together, these data suggested that Tregs were the domi-
nant source of PD-1 expression in the murine prostate 
microenvironment. To evaluate whether PD-1 blockade 
affected Treg function, we again used an in vitro co-cul-
ture assay with labeled CD8  +T cells from naïve mice 
and Tregs from TRAMP-C1 tumor-bearing mice. When 
anti-PD-1 antibody was added to the in vitro culture with 
PD-L1 coated beads in the absence of Tregs, we observed 
increased proliferation compared with when IgG was 
added, as expected (figure  5F, p=0.02). By contrast, 
when Tregs were present, adding anti-PD-1 resulted in 
decreased proliferation compared with IgG, indicating 
greater suppression by Tregs (Figure 5G,H, p=0.001).

Figure 3  Adding PD-1 blockade to 90Y-NM600 TRT did not improve antitumor efficacy. Tumor-bearing mice were treated with 
high-dose TRT and a single 200 µg dose of anti-PD-1 or IgG given on the same day. Schemas are shown for studies done in 
the (A) TRAMP-C1 model and (B) Myc-CaP model. Tumor growth curves are shown in the (C) TRAMP-C1 (n=7 per group) and 
(D) Myc-CaP models (n=8 per group). *P<0.05, ***p<0.001 via linear mixed-effects model with Benjamini-Hochberg adjustment 
of pairwise testing. Error bars represent mean±SE. Results shown are from one experiment and are representative of two 
independent experiments. TRT, targeted radionuclide therapy.
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Treg depletion improved antitumor response with anti-PD-1 + 
90Y-NM600
Having determined that Treg activation by anti-PD-1 was 
likely mediating the lack of efficacy of the TRT and anti-
PD-1 combination, we next tested whether depleting 
Tregs in vivo would improve antitumor efficacy. It has 
been previously reported that an anti-CTLA-4 IgG2a 
isotype antibody effectively depletes intratumoral Tregs, 
unlike the IgG2b isotype.44 We treated TRAMP-C1 tumor-
bearing mice with either IgG, TRT+anti-PD-1+anti-
CTLA-4 IgG2a or TRT+anti-PD-1+anti-CTLA-4 IgG2b 
as shown in figure  6A, then collected tumors for flow 
cytometry 1 week following TRT. We confirmed that the 
combination of TRT, anti-PD-1, and anti-CTLA-4 IgG2a 
did deplete Tregs in TRAMP-C1 tumors, unlike the TRT, 
anti-PD-1, and anti-CTLA-4 IgG2b combination (p=0.001, 
figure  6B). TRAMP-C1 tumors treated with TRT, anti-
PD-1, and the Treg-depleting anti-CTLA-4 antibody also 
had greater numbers of effector memory CD8  +T cells 
(figure  6C). When we treated mice-bearing TRAMP-C1 
tumors with anti-PD-1+TRT and followed for tumor 
growth, the addition of the depleting antibody, but not 
the non-depleting antibody, resulted in improved anti-
tumor response compared with TRT alone (p=0.047) 
(figure  6D,E, online supplemental figure 8A). In the 
Myc-CaP model, the Treg-depleting anti-CTLA-4 antibody 

alone was sufficient to regress most of the tumors, making 
it difficult to assess the effect of Treg depletion on the 
TRT+anti-PD-1 combination (online supplemental figure 
8B). To evaluate the effects of conditional Treg depletion 
without the use of CTLA-4 blockade, we used DEREG 
mice.45 We verified that administration of diptheria toxin 
to DEREG mice resulted in near complete depletion of 
Tregs (online supplemental figure 9A,B). We similarly 
observed significantly improved antitumor efficacy with 
the anti-PD-1+TRT regimen compared with control when 
Tregs were depleted (p=0.039), but not in the presence of 
Tregs (online supplemental figure 9C,D).

DISCUSSION
There has been increasing interest in TRT treatments 
for prostate cancer as well as combination radiation and 
immunotherapy approaches. However, there are limited 
preclinical data describing the effects of TRT on immune 
populations within tumors and how best to combine it 
with checkpoint blockade. In this study, we evaluated the 
effects of 90Y-NM600 TRT on the murine prostate tumor 
microenvironment alone and in combination with PD-1 
blockade. Our main conclusions were as follows: (1) 
90Y-NM600 can be given at safe doses to murine pros-
tate tumors and elicits a moderate antitumor effect; (2) 

Figure 4  Combined 90Y-NM600 TRT and PD-1 blockade increased intratumoral Treg frequency while reducing effector memory 
CD8 +T cell populations. TRAMP-C1 tumor-bearing mice (n=5 per group) were given either IgG treatment alone (Day 0 and 29), 
TRT+IgG, or TRT+anti-PD-1. Antibody treatments were administered on the same day as the TRT. Flow cytometry data from 
tumors harvested at various timepoints following treatment are shown. (A) Absolute number of Tregs (CD4 +CD25+FoxP3+) 
per gram of tumor tissue. (B) Absolute number of MDSCs (CD11b+Gr-1+) per gram of tumor tissue. (C) Absolute number of 
CD3 +CD8+T cells per gram of tumor tissue. Percent of CD8 +T cells-bearing markers for (D) effector memory (CD44 +CD27-
CD62L-), (E) central memory (CD44 +CD27+CD62L+), (F) resident memory (CD44 +CD69+CD103+) cell phenotype, or (G) 
short-lived effector (KLRG-1 +CD127-). *P<0.05 via two-way ANOVA with planned contrasts between IgG and anti-PD-1 
groups at each timepoint. Error bars represent mean±SE. Results shown are from one experiment and are representative of two 
independent experiments. ANOVA, analysis of variance; MDSCs, myeloid derived suppressor cells; TRT, targeted radionuclide 
therapy.
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90Y-NM600 has complex effects on immune populations 
within the tumor microenvironment, with different cell 
types having varying susceptibilities to radiation; (3) 
combination 90Y-NM600 and PD-1 blockade is ineffective 
in these models due to the persistence of Tregs and the 
activating effects of PD-1 blockade on this population; 
(4) TRT could potentially predispose Treg-rich tumors 
to ‘hyperprogression’ following PD-1 blockade and (5) 
careful evaluation of the effects of other radioisotopes 
or TRT agents on the tumor microenvironment could 
be crucial for successful combination with checkpoint 
blockade.

This work is the first to demonstrate that 90Y-NM600 
can be safely used in murine prostate tumors. We esti-
mated that dose to the tumor was higher or comparable 
to dose delivered to organs at risk. Our previous work has 
demonstrated that although other organs, particularly 
the liver, receive some radiation dose, no clinically signif-
icant effects were seen on blood chemistry or histology 
at the tested levels of injected activity.36 There was some 
evidence of bone marrow toxicity at higher doses as seen 
via CBC, but all cytopenias resolved within the study 
period. We found that at this maximally tolerated dose, 
single-agent 90Y-NM600 treatment was able to slow tumor 
growth significantly, though this was not curative.

Despite the relative lack of systemic toxicity it induced, 
90Y-NM600 treatment resulted in considerable changes in 
the prostate tumor immune microenvironment. Myeloid 
cells and DCs from TRT-treated tumors had increased 
expression of PD-L1. Additionally, CD8 +T cell infiltration 
increased after TRT. Soon after treatment, these CD8 +T 
cells expressed greater levels of activation markers and 
displayed evidence of induction of an effector memory 
response, but later expressed higher levels of checkpoint 
molecules consistent with an exhausted state. In fact, 
we showed that CD8 +T cells were dysfunctional 1 week 
following TRT. Nearly all preclinical studies showing that 
radiation potentiates a CD8 +T cell response have used 
EBRT. Unlike EBRT, 90Y-NM600 TRT results in contin-
uous delivery of radiation to the tumor over several days. 
This could potentially result in prolonged dysfunction 
of CD8 +T cells. The exquisite sensitivity of CD8 +T cells 
to radiation may be a barrier to overcome for future 
attempts to combine TRT and immune-based treatments 
relying on this cytotoxic population. Proper sequencing 
of the two treatments may be essential for the efficacy of 
this combination.

By contrast, Tregs did not lose suppressive function 
following 90Y-NM600 treatment. Tregs have been shown 
to be particularly radioresistant compared with other 
lymphocytes, possibly due to increased expression of 
anti-apoptotic factors such as BCL-2 and GITR.46–48 
This persistence of Tregs likely explains why our results 
demonstrated an attenuation in the antitumor effect of 
90Y-NM600 when PD-1 blockade was used. We showed that 
Tregs were the highest PD-1-expressing cell type in the 
tumor, even following TRT. Therefore, when PD-1 was 
blocked, the suppressive ability of the Tregs was enhanced, 

Figure 5  90Y-NM600 TRT with PD-1 blockade increased 
suppressive activity of Tregs while decreasing activity of 
CD8 +T cells. CD8 +T cells were harvested from WT mice 
and labeled with PKH26. Labeled CD8s were cultured alone 
or co-cultured with Tregs harvested from either the spleen or 
tumor of TRAMP-C1 tumor-bearing mice that had received no 
treatment or high-dose TRT 7 days prior. Cells were collected 
after 72 hours of culture in the presence of anti-CD3/anti-
CD28 beads and analyzed via flow cytometry for PKH26 
loss as an indicator of proliferation. (A) Representative flow 
cytometry data (B) Quantification of A. Shown is the percent 
of CD8 +T cells with proliferation greater than background. 
(C) CD8 +T cells were harvested from TRAMP-C1 tumor-
bearing mice 7 days following no treatment or high-dose 
TRT treatment, and then cultured for 48 hours with anti-CD3/
anti-CD28-coated beads. Shown is IFNγ concentration from 
supernatants of this culture measured via ELISA. TRAMP-C1 
tumor-bearing mice (n=5 per group) were treated with TRT 
then harvested at several timepoints following no treatment 
or high-dose TRT treatment as in figure 2A. Flow cytometry 
showing (D) PD-1 MFI on CD8 +T cells (red) and Tregs (blue) 
in untreated tumors (left) and TRT-treated tumors (right), and 
(E) the ratio of the number of PD-1 +Tregs to the number of 
PD-1 +CD8+T cells. CD8 +T cells were harvested from WT 
mice and labeled with CFSE. Labeled CD8s were cultured 
alone or co-cultured with Tregs harvested from the spleens 
of untreated TRAMP-C1 tumor-bearing mice at the indicated 
ratios (control without Tregs F, 1:1 ratio G, 10:1 ratio (H) of 
CD8s to Tregs. Cells were collected after 72 hours of culture 
in the presence of anti-CD3/anti-CD28/IgG or anti-CD3/anti-
CD28/PD-L1 beads, with anti-PD-1 or IgG in the media and 
analyzed via flow cytometry for CFSE loss as an indicator of 
proliferation. Top panels are representative flow cytometry 
data. Bottom panels depict quantification of the top panels 
using the percent divided metric (FlowJo proliferation 
analysis software). *P<0.05, **p<0.01, ***p<0.001. Error bars 
represent mean±SE. Results shown are representative of two 
independent experiments. ns, not significant; TRT, targeted 
radionuclide therapy; CFSE carboxyfluorescein succinimidyl 
ester.
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Figure 6  Treg depletion improved antitumor response with anti-PD-1 + 90Y-NM600. Tramp-C1 tumors were collected from 
animals (n=3 per group) treated with IgG alone, TRT+anti-PD-1+non Treg depleting anti-CTLA-4 (non-depleter), or TRT+anti-
PD-1+Treg-depleting anti-CTLA-4 (depleter). Anti-PD-1 was given on Day 0 and anti-CTLA-4 was given on days 0, 3, and 6 
following TRT. Each antibody treatment used 200 µg antibody delivered i.p. (A) Study schema. Tumors were digested and 
evaluated by flow cytometry 7 days after TRT for (B) Tregs (CD4 +CD25+FoxP3+) cells as a percent of CD45 +cells, and (C) 
Effector memory cells (CD44 +CD27-CD62L-) as a percent of CD8 +T cells. TRAMP-C1 tumor-bearing mice (n=7 per group) 
were treated with high-dose TRT, anti-PD-1, and anti-CTLA-4 as before and followed for (D) tumor growth and (E) survival 
to a tumor volume of 2000 mm3. *P<0.05, **p<0.01, ***p<0.001. Error bars represent mean±SE. Results shown are from one 
experiment and are representative of two independent experiments. TRT, targeted radionuclide therapy.
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resulting in suppression of the effector memory CD8 +T 
cell response and a paradoxically impaired antitumor 
response. In our data, we observed that mice treated with 
TRT and PD-1 blockade had a lower overall number of 
Tregs than the untreated control, but significantly greater 
Treg numbers than in the TRT alone group at day 8. There 
were similar trends at day 3 and day 14, though these did 
not meet statistical significance. This finding could indi-
cate that altering the timing of anti-PD-1 administration 
could result in different effects. These changes in Treg 
numbers are consistent with the observation that Tregs 
are relatively (though not completely) radioresistant and 
that PD-1 blockade increases their activity. Due to these 
effects, the combination of anti-PD-1 and 90Y-NM600 was 
only effective in vivo when Tregs were absent.

Recently, there have been several reports of ‘hyper-
progression’ following anti-PD-1 therapy in a subset of 
patients.49 50 This pattern of progression is characterized 
by acceleration of the tumor growth rate and worsened 
overall survival.51 Initial evidence suggested that hyper-
progression may have a genetic component.50 Further 
clinical and preclinical data have demonstrated that this 
phenomenon is likely in large part mediated by Tregs. 
Kamada et al showed that gastric cancers have abundant 
Tregs that express PD-1 at high levels. Patients with hyper-
progressive disease had greater numbers of proliferating 
Tregs, while in vitro treatment of Tregs from tumors with 
anti-PD-1 resulted in greater suppressive activity.52 Kang 
et al offered confirmatory evidence, showing that non-
small cell lung cancer patients with hyperprogression had 
higher Treg frequencies than other patients.53 Kumagai 
et al further showed that PD-1 expression balance on 
lymphocytes predicts outcomes following PD-1 blockade; 
patients with greater numbers of PD-1 +Tregs relative to 
PD-1 +CD8+T cells had significantly diminished survival.43 
Our data suggest that TRT may predispose tumors toward 
hyperprogression following PD-1 blockade by unfavor-
ably modifying this PD-1 expression balance.

While this specific regimen of 90Y-NM600 and anti-
PD-1 therapy was not effective, this was not an exhaus-
tive study of the combination of TRT and PD-1 blockade. 
It is possible that there could be differences in the 
effects of this combination therapy regimen in animals 
with different genetic backgrounds, though we did 
observe generally similar findings in both the C57BL/6/
TRAMP-C1 and FVB/Myc-CaP models. 177Lu and 225Ac 
are other radioisotopes undergoing clinical study with 
longer half-lives and shorter path lengths, which may 
be better at treating small tumors than 90Y and which 
may also result in different immunomodulatory effects. 
They could be more effective at causing DNA damage 
and immunogenic cell death, or temporarily depleting 
Tregs. This study focused on NM600 because of its ability 
to target many cancer types and utility in dosimetry-
guided therapy studies. However, there are many other 
TRT agents in clinical use, such as PSMA-617, which may 
have greater selectivity for prostate tumors, enabling 
higher dose delivery, and thus could potentially combine 

more effectively with anti-PD-1 therapy. In future studies, 
we plan to investigate the effects of these other agents, 
higher-dose radiation given through EBRT or TRT, alter-
native radioisotopes, and potentially blockade of other 
checkpoint molecules.

This report demonstrates the importance of thor-
oughly investigating the effects of these TRT and immu-
notherapy regimens on the tumor microenvironment of 
immunocompetent mice to evaluate for proper choice 
of agent and timing. At the time of this writing, there 
are over 600 active clinical trials studying combinations 
of immunotherapy and radiation therapy, with several 
focused specifically on TRT and checkpoint blockade 
(eg, NCT05150236, NCT04946370, NCT03658447, and 
NCT03805594). Rational combination strategies based 
on preclinical data could be essential to prevent inferior 
results in these rapidly emerging clinical studies.
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