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ABSTRACT
◥

CD8-expressing T cells are the main effector cells in cancer
immunotherapy. Treatment-induced changes in intratumoral
CD8þ T cells may represent a biomarker to identify patients
responding to cancer immunotherapy. Here, we have used a
89Zr-radiolabeled human CD8-specific minibody (89Zr-Df-
IAB22M2C) to monitor CD8þ T-cell tumor infiltrates by PET.
The ability of this tracer to quantify CD8þ T-cell tumor
infiltrates was evaluated in preclinical studies following sin-
gle-agent treatment with FOLR1-T-cell bispecific (TCB) anti-
body and combination therapy of CEA-TCB (RG7802) and
CEA-targeted 4-1BB agonist CEA-4-1BBL. In vitro cytotoxicity
assays with peripheral blood mononuclear cells and CEA-
expressing MKN-45 gastric or FOLR1-expressing HeLa cervical
cancer cells confirmed noninterference of the anti-CD8-PET-
tracer with the mode of action of CEA-TCB/CEA-4-1BBL and
FOLR1-TCB at relevant doses. In vivo, the extent of tumor
regression induced by combination treatment with CEA-TCB/
CEA-4-1BBL in MKN-45 tumor–bearing humanized mice cor-

related with intratumoral CD8þ T-cell infiltration. This was
detectable by 89Zr-IAB22M2C-PET and g-counting. Similarly,
single-agent treatment with FOLR1-TCB induced strong CD8þ

T-cell infiltration in HeLa tumors, where 89Zr-Df-IAB22M2C
again was able to detect CD8 tumor infiltrates. CD8-IHC con-
firmed the PET imaging results. Taken together, the anti-CD8-
minibody 89Zr-Df-IAB22M2C revealed a high sensitivity for the
detection of intratumoral CD8þ T-cell infiltrates upon either single
or combination treatmentwithTCBantibody–based fusion proteins.
These results provide further evidence that the anti-CD8 tracer,
which is currently in clinical phase II, is a promisingmonitoring tool
for intratumoral CD8þ T cells in patients treated with cancer
immunotherapy.

Significance: Monitoring the pharmacodynamic activity of
cancer immunotherapy with novel molecular imaging tools such as
89Zr-Df-IAB22M2C for PET imaging is of prime importance to
identify patients responding early to cancer immunotherapy.

Introduction
Cytotoxic CD8þ T lymphocytes (CTL) are the main effector cells in

clinically approved checkpoint inhibitors (CPI), and most cancer
immunotherapy drugs under development (1–3). In the case of CPI,

CTL are either newly recruited to the tumor or are reactivated in the
tumor microenvironment (TME). CTL recognize malignant tumor
cells via MHC-I and directly kill cancer cells through the release of
granzyme B and perforin.

T-cell bispecific antibodies (TCB) are a new class of bispecific
antibodies (bsAb) that bind to the T-cell receptor (TCR) CD3e subunit
and a tumor-associated antigen. They activate T cells independently of
any TCR specificity and mediate T-cell cross-linking between CD3-
expressing T cells and tumor cells, expressing the associated antigen,
which results in efficient tumor cell lysis (4, 5). The concomitant
release of cytokines and chemokines can recruit additional immune
cells into the tumor (5). The TCBs used in these studies target
carcinoembryonic antigen (CEA) and folate receptor 1 (FOLR1). Both,
CEA and FOLR1 are glycophosphatidylinositol-anchored (GPI) gly-
coproteins. CEA is usually expressed at high levels on cells of colorectal
cancer, pancreatic adenocarcinoma, gastric cancer, non–small cell
lung cancer, and breast cancer and at lower levels on healthy glandular
epithelia of the gastrointestinal tract (6). FOLR1, which is overex-
pressed on ovarian, lung, renal, and other solid malignancies, while
showing a limited expression on healthy tissues, binds folic acid and
mediates its intracellular uptake (7, 8).

Both CEA- and FOLR1-TCB contain P329G, L234A, and L235A
mutations (P329G-LALA) in their Fc domain to reduce Fcg-receptor
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(FcR)-mediated reactions such as antibody-dependent cellular cyto-
toxicity, antibody-depended cellular phagocytosis, and complement-
dependent cytotoxicity, while retaining neonatal FcR binding for IgG-
like pharmacokinetics (4, 9). The tumor cell lines used in these
experiments includedMKN-45 human gastric cancer expressing CEA,
and HeLa human cervical cancer expressing FOLR1.

TCB-induced T-cell activation triggers an upregulation of costi-
mulating receptors such as 4-1BB (CD137), a member of the TNFR
superfamily. 4-1BB stimulation results in T-cell proliferation, cyto-
toxicity, proinflammatory Th1 polarization, and memory cell forma-
tion (10, 11). To stimulate 4-1BB signaling, we used CEA-4-1BBL,
which is a novel bsAb-based fusion protein that contains a split,
trimeric 4-1BB-ligand moiety, and a binding arm for CEA. The
Fc domain of this CEA-4-1BBL is also effector function silent
(P329G-LALA mutation; refs. 12, 13). The combination therapy of
tumor-associated antigen-targeted TCB and tumor-targeted 4-1BBL
induces a strong expansion of CTLs that has been shown to induce
profound antitumor activity in various preclinical solid and lymphoma
tumor models (14). The use of TCB combination therapies can be
considered as an off-the-shelf alternative to adoptive transfer of
chimeric antigen receptor T cells (15).

The development of immunotherapy is transforming cancer treat-
ments for many solid tumors and hematologic malignancies. Unfor-
tunately, many patients do not benefit from these drugs and there is
currently a lack of tools that can be used to accurately predict which
patients may benefit from treatment. In the case of clinical imaging,
traditional tumor assessment criteria are often confounded by the
inability to distinguish true tumor progression from pseudoprogres-
sion; the increase in tumor mass associated with immune cell infil-
tration. To overcome the limitations of current tumor imaging assess-
ments, a new class of imaging agents is being developed tomonitor and
quantify immune cell populations in vivo, longitudinally and through-
out the body (16). This is the case for PET, for which tracers are being
designed using either conventional full length antibodies, small pep-
tides, antibody fragments such as minibodies, diabodies, nanobodies,
or engineered proteins such as affibodies or adnectins, that bind
specific epitopes on immune cell epitopes (16–18). CD8, which is
expressed on CTLs, is an antigen that is highly suitable as a target for
immune cell–specific tracers.

The humanized CD8a-chain–specific minibody (Mb), 89Zr-Df-
IAB22M2C, which is currently in clinical development, consists of
two VH/VL chains containing the complementarity determining
regions for CD8a, fused to a human IgG CH3 constant domain via a
hinge region (19). To enable radiolabeling for PET, the Mb is
conjugated to the chelator desferrioxamine (Df), which allows
radiolabeling with the positron-emitting radioisotope Zirconium-
89 (89Zr; half-life: 3.3 days). The lack of CH1 and CH2 domains
makes the Mb inert for any FcRg-mediated reactions. The Mb has
the same specificity for CD8 as the parental full-length mAb, but
due to its reduced size of approximately 80 kDa, it overcomes some
of the limitations of a full-length mAb (�150 kDa). The smaller Mb
format exhibits (i) a reduced plasma half-life, resulting in lower
background signals in target tissues due to faster clearance, (ii) a
higher tissue penetration, especially in the tumor, and (iii) reduced
immunogenicity. Data from the first clinical trials using the anti-
CD8 Mb, demonstrated targeting of tumors and CD8-rich tissues,
favorable pharmacokinetics, and no side effects after injection (19).
To date, monitoring treatment response with 89Zr-Df-IAB22M2C-
PET during cancer immunotherapy has not been reported.

Here, we investigated whether the radiolabeled humanized CD8-
specific Mb, 89Zr-Df-IAB22M2C, is capable of detecting and

quantifying CD8þ T-cell infiltrates in two cancer immunotherapy
regimens in tumor-bearing humanized mice: (i) after combination
therapy of CEA-TCB with CEA-4-1BBL and (ii) after FOLR1-TCB
monotherapy.

Material and Methods
Experimental animals

Humanized CD34þ stem cell engrafted NOD SCID gamma
(NSG) mice were purchased from Jackson Laboratory and housed
and maintained by the Department of Laboratory Animal Med-
icine at the University of California, Los Angeles (UCLA; Los
Angeles, CA). Animals were acquired 14–16 weeks after the stem
cell transfer when the percentage of human CD45þ cells in blood
was >25%. The animal studies were approved by the Chancellor's
Animal Research Committee at UCLA (Institutional Animal
Care and Use Committee protocol compliant) and conducted in
accordance with institutional guidelines and protocols.

Therapeutic molecules and human tumor cell lines
Human-specific CEA-4-1BBL, CEA-TCB, and FOLR1-TCB were

engineered by Roche Innovation Center Z€urich. All molecules were
freshly diluted from stock prior to use.

Human-derived MKN-45 gastric cancer cells (DSMZ) were cul-
tured in 90% DMEM (Thermo Fisher Scientific) and 10% heat-
inactivated FBS (Thermo Fisher Scientific) with 2–3 cell passage per
week. HeLa human cervical cancer cells (ATCC) were cultured in
RPMI1640 (Thermo Fisher Scientific) with 10% heat-inactivated FBS
(Thermo Fisher Scientific) and passaged two/three times perweek. The
tumor cells were tested for Mycoplasma using the Stat-Myco Test
(Idexx Bioanalytics).

Tumor engraftment and cancer immunotherapy with CEA-TCB/
CEA-4-1BBL combination or FOLR1-TCB therapy

For the CEA-TCB/CEA-4-1BBL combination study, we injected
1� 106MKN-45 cells in a volume of 100 mL at a 1:1 ratio of RPMI and
Matrigel (BD Biosciences). The cell suspension was injected subcu-
taneously in the right flank of the experimental mice using a 28 G
needle. The tumor volume was monitored 2–3 times per week by
caliper measurements and calculated by the formula: tumor volume¼
0.52 � length � width2. Twenty days after tumor engraftment, when
the tumor volumes were approximately 200 mm3, experimental
animals were randomized and allocated to treatment groups. The
CEA-TCB/CEA-4-1BBL combination treatment group received
CEA-TCB twice weekly (Tuesday and Friday) at a concentration of
2.5 mg/kg and CEA-4-1BBL at 3 mg/kg once weekly (Friday) by
intraperitoneal injection in a volume of 200mL. CEA-TCB andCEA-4-
1BBL single treatment was performed at the same concentration twice
weekly for CEA-TCB and once weekly for CEA-4-1BBL. Also, once a
week, the control group was treated with 200 mL histidine buffer (20
mmol/L Histidine, 140 mmol/L NaCl, pH 6.0) by intraperitoneal
treatment.

For the FOLR1-TCB study, 5 � 106 HeLa cells were also engrafted
subcutaneously in a 1:1 mixture of RPMI and Matrigel in a volume of
100 mL into the right flank of the experimental mice using a 28 G
needle. Tumor volume was monitored twice a week using a caliper.
When the tumor reached the size of approximately 150 mm3 after
35 days, the animals were randomized into treatment groups and
received two intraperitoneal injections of 200 mL FOLR1-TCB at a
concentration of 2 mg/kg or vehicle (i.e., histidine buffer) 3 days apart
(days 0 and 3).
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In vivo PET imaging
For the CEA-4-1BBL/CEA-TCB study, mice were injected intra-

venously with 54.4 � 1.7 mCi (�10 mg) of 89Zr-Df-IAB22M2C 3 days
after the last treatment. Two days after the last FOLR1-TCB treatment,
the experimental mice were injected intravenously with 95.3� 2.2 mCi
(�10 mg) of 89Zr-Df-IAB22M2C. The animals were scanned in
SofieBiosciences G8 PET/CT Imaging System (PerkinElmer) 40 hours
after injection of the radiolabeledMb. Static PET scanswith 10minutes
duration were acquired with an energy range set to 150–650 keV and
CT scans were acquired with x-ray sources set to 50 kVp and 200 mA.
The PET/CT scans were reconstructed using a three-dimensional
maximum likelihood estimation method reconstruction spread across
32 central processing units. All reconstructed PET/CT images were
analyzed by Medical Image Data Examiner (AMIDE) software (20) or
Vivoquant (InviCRO LLC) and presented as maximum intensity
projections (MIP). To analyze the PET scans, 3D regions of interest
(ROI) were place on the organs of interest and the %ID/cc was
calculated.

Results
The anti-CD8-Mb IAB22M2C and CEA-TCB/CEA-4-1BBL or
FOLR1-TCB do not interfere in vitro

To determine whether CD8 coreceptor occupancy with the
anti-CD8 Mb might affect the activity of TCB-mediated TCR
cross-linking, activation, and subsequent tumor cell killing, an
imaging-based in vitro cytotoxicity assay was conducted. This assay
has the advantage of monitoring kinetics of tumor cell death over
time, and directly measures tumor cell apoptosis using Caspase 3/7
apoptosis dye. In the clinical practice, the anti-CD8 Mb will be
rather used after administration of the drug, most preferentially at
the time when response to therapeutic treatment is commencing
and immune cell infiltration is occurring. To reflect this, the anti-
CD8 Mb was added 5 hours after initiation of the TCB-mediated
cytotoxicity assay, at the saturating concentration of 125 nmol/L (2
mg/200 mL/well ¼ 10 mg/mL).

Tumor cell killing was measured by plotting tumor cell count over
time and calculating the corresponding AUC. Addition of the anti-
CD8 Mb, IAB22M2C, had no effect on MKN-45-NLR tumor cell
killing mediated by peripheral blood mononuclear cells (PBMC)
treated with combination of CEA-TCB and CEA-4-1BBL (Fig. 1A).
During the 5-hour period prior to the addition of anti-CD8 Mb, no
induction of apoptosis was detected. Conversely, a sharp increase of
apoptotic tumor cells was observed 20 hours post-initiation of the
assay (Fig. 1B). The true percentage of tumor cell lysis, determined by
normalizing AUC values to the untreated control, confirmed the
results (Supplementary Fig. S1A and S1B).

To verify that our findings were irrespective of the tumor antigen
or the TCB used, we tested the FOLR1-expressing tumor cell line
HeLa-NLR. Hela-NLR cells expressing FOLR1 were cocultured with
PBMCs in the presence of FOLR1-TCB. During the first 5 hours of the
assay before IAB22M2C was added to the cell culture no apoptosis
induction was detected. An increase of apoptotic tumor cells was,
however, observed 10 hours post-initiation of the FOLR1-TCB assay
(Fig. 1D). The presence of IAB22M2C did not affect tumor cell killing
at high TCB concentrations (10 nmol/L to 80 pmol/L; Fig. 1C). At
extremely low doses of TCB treatment, where the amount of
IAB22M2C was up to 8,000-fold higher than the FOLR1-TCB con-
centration (16–0.64 pmol/L), tumor cell killing was significantly
reduced as indicated by the AUC. Using the true percentage of tumor
cell lysis, determined as explained above, these differences were only

observable at 0.64 pmol/L concentration of FOLR1-TCB (Supplemen-
tary Fig. S1C and S1D).

89Zr-Df-IAB22M2C is able to monitor T-cell infiltration upon
CEA-TCB/CEA-4-1BBL treatment

The ability of the human radiolabeled anti-CD8-Mb, 89Zr-Df-
IAB22M2C, to monitor CD8þ T-cell infiltration during therapy with
CEA-TCB/CEA-4-1BBL was evaluated in the MKN-45 human gastric
cancer implanted in humanized mice (14). For this purpose,
humanized mice carrying MKN-45 gastric cancer xenografts were
treated for 2 weeks with either histidine buffer as vehicle, 2.5 mg/kg
CEA-TCB twice weekly, 3 mg/kg CEA-4-1BBL once weekly, or a
combination of both compounds at the same concentrations and
administration frequency (Fig. 2A). Three days after the last
treatment, the anti-CD8-Mb, 89Zr-Df-IAB22M2C, was injected and
PET/CT was performed after 40 hours (Fig. 2A).

Tumor growth curves revealed strong tumor regression in the
animals after combination therapy with CEA-TCB and CEA-4-1BBL.
Administration of single-agent CEA-TCB or CEA-4-1BBL treatments
induced antitumoral responses, which were clearly lower compared
with the combination therapy (Fig. 2B).

Treatment-related CD8þ T-cell infiltration was detected and quan-
tified by PET imaging and g-counting following administration of
89Zr-Df-IAB22M2C (Figs. 2C and 3A and C; Supplementary Fig. S2).
In the vehicle group, lowuptake (PET: 3.91� 0.10%ID/cc; g-counting:
4.87 � 0.44 %ID/g) of 89Zr-Df-IAB22M2C was detected at the tumor
rim with no uptake in the tumor center. The signal at the tumor rim
was presumably caused by leaky tumor vasculature, resulting in
enhanced permeability, and retention, which is considered unspecific
as observed in previous studies (21).

In the CEA-4-1BBLmonotherapy group, individual hot spots at the
tumor rims were detected and the quantification revealed an uptake of
4.07 � 0.16 %ID/cc (PET) and 5.92 � 0.48 %ID/g (g-counting),
respectively.

In the CEA-TCB monotherapy group, an even higher average
uptake was detectable compared with the vehicle group (PET:
4.54 � 0.23 %ID/cc; g-counting: 6.91 � 0.51 %ID/g; P ¼ 0.008). In
this group, the uptake at the tumor rim was more homogenous
compared with that observed in the anti-CEA-4-1-BBL single-agent
treatment group.

The highest uptake of 89Zr-Df-IAB22M2C was observed in the
CEA-4-1BBL and CEA-TCB combination treatment group. In this
group, the tracer was homogenously distributed at the tumor rim
but also present within the tumor centers. Quantification by PET
and g-counting revealed a significantly higher uptake of 5.13 � 0.30
%ID/cc (PET) and 8.95 � 1.60 %ID/g (g-counting) compared with
the vehicle group (PET: P ¼ 0.0017; g-counting: P ¼ 0.0002) and to
the CEA-4-1BBL group (PET: P ¼ 0.0071; g-counting: P ¼ 0.0028).
These PET and g-counting results were further confirmed by
autoradiography, which showed the spatial distribution of the
89Zr-Df-IAB22M2C in the tumor after the various treatments
(Supplementary Fig. S3).

Besides tumor tissue, 89Zr-Df-IAB22M2C uptake was also observed
in the spleen as the main CD8 T-cell sink due to its function as
secondary lymphoid organ, and in the clearance organs liver and
kidneys (Figs. 2C and 3B and D; Supplementary Fig. S2). All other
investigated tissues and organs such as heart, lungs, stomach, intestine,
bone, carcass, and muscle as well as blood, showed very low uptake of
89Zr-Df-IAB22M2C across all treatment groups. No significant differ-
ences, besides the tumors, were observed between the treatment groups
throughout the examined organs and tissues.

CD8 Imaging during Therapy with T-cell Bispecific Antibodies
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Anti-CD8-IHC staining on formalin-fixed and paraffin-embedded
tumor tissue was conducted, which confirmed the in vivo PET and
ex vivo g-counting results (Fig. 3E andF). CD8þ cells could be detected
exclusively at the tumor rim in both the vehicle-treated (2.17 � 0.72
CD8þ cells/mm2) and the CEA-4-1BBL- (28.58 � 21.87 CD8þ

cells/mm2) treated groups. The CEA-TCB–treated group showed a
significant increase of CD8þ cells over the vehicle group (212.00 �
88.60 CD8þ cells/mm2), which were also mainly located at the tumor
rim. The CEA-TCB/CEA-4-1BBL combination treatment group had
the highest concentration of CD8þ cells in the tumor center and at the
tumor rim (566.21 � 309.19 CD8þ cells/mm2), resulting in a signif-
icant 259-fold increase over the vehicle group.

In histologic examinations, tumor density and necrosis were
assessed by hematoxylin and eosin (H&E) staining and CEA-IHC.
Blood vessel formation was investigated by CD31-IHC. CEA-IHC
and H&E revealed no difference in tumor density and tumor
necrosis between the treatment groups, independent of tumor size
(Supplementary Fig. S4A). CD31 staining and quantification
revealed no significant differences in blood vessel formation regard-
less of the treatment administered. A slight increased frequency of

small blood vessels (0–250 mm) in vehicle-treated tumors was
observed, which may contribute to the unspecific background
of 89Zr-Df-IAB22M2C in PET and g-counting (Supplementary
Fig. S4B and S4C).

To summarize, the CD8-specific Mb 89Zr-Df-IAB22M2C was capa-
ble of detecting differences in the CD8þ infiltrates in MKN-45 tumors
induced by mono- and combination therapy with CEA-4-1BBL and
CEA-TCB as confirmed by anti-CD8-IHC ex vivo.

89Zr-Df-IAB22M2C is able to detect intratumoral T-cell
infiltrates after FOLR1-TCB treatment

Similar to the CEA-TCB/CEA-4-1BBL combination therapy,
89Zr-Df-IAB22M2C PET tracer detected CD8þ T cells infiltration
following two doses of single-agent FOLR1-TCB in humanized mice
bearing the HeLa cervical cancer model. For this purpose, huNSG
mice carrying HeLa xenografts were treated with two injections
of 2.0 mg/kg FOLR1-TCB 3 days apart (Fig. 4A). Two days later
89Zr-Df-IAB22M2C was injected and PET/CT was performed
40 hours post-injection. Localization of 89Zr-Df-IAB22M2C was
confirmed by g-counting and CD8-IHC.

Figure 1.

In vitro cytotoxicity mediated by CEA-TCB (and CEA-4–1BBL combination treatment) or FOLR1-TCB in presence of the CD8-Mb IAB22M2C. A and B, AUC
quantification (A) and dynamic of tumor cell lysis (based on tumor cell counts; B) per treatment group over time [groups with and without 125 nmol/L IAB22M2C
(CD8-Mb)were treatedwith 2 nmol/L CEA-4-1BBL;mean� SD; n¼ 3]. No effect of IAB22M2Cwas observed on tumor cell killing after treatmentwith CEA-TCB/CEA-
4-1BBL. C andD,AUC quantification (C) and dynamic of tumor cell lysis (based on tumor cell counts;D) in groups treatedwith FOLR1-TCBwith or without 125 nmol/L
IAB22M2C (n ¼ 3; mean � SD; statistics: two-way ANOVA). At higher concentrations of FOLR1-TCB ≥ 80 pmol/L, no influence on tumor cell killing was observed
in presence of IAB22M2C. ��� , P < 0.001; ���� , P < 0.0001; ns, not significant.
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Two treatments with FOLR1-TCB resulted in significantly lower
tumor volumes (80.88 � 17.71 mm3; P ¼ 0.0066) as compared with
vehicle treatment (189.90 � 13.21 mm3; Fig. 4B).

PET imaging with 89Zr-Df-IAB22M2C revealed a low intratumoral
uptake for the vehicle-treated group (3.62 � 0.39 %ID/g) with low
uptake at the tumor rim and 5.55 � 0.50 %ID/g as determined by
ex vivo g-counting. In contrast, FOLR1-TCB treatment induced
a significantly higher tumor uptake (PET: 6.22 � 0.48 %ID/cc, P ¼
0.0018; g-counting 13.63� 0.97 %ID/g, P < 0.0001 vs. vehicle), which
was homogenously distributed throughout the tumor mass (Fig. 4C
andD). In 4 of 8 animals, a strong uptake of the tracer was detectable in
the tumor center (Supplementary Fig. S5).

Besides the tumor uptake observed by PET and g-counting, the
highest 89Zr-Df-IAB22M2C uptake was detected in the spleen, liver,
and kidneys, whereas there was almost no residual activity in the blood
at 40 hours post-injection (Fig. 5A and B). A significantly higher
uptake of 89Zr-Df-IAB22M2C was observed in the spleen after
FOLR1-TCB treatment (PET: 13.18 � 0.66 %ID/cc, P ¼ 0.0009;
g-counting: 41.59� 3.57%ID/g, P¼ 0.012) compared with the vehicle
group (PET: 9.23� 0.55%ID/cc; g-counting: 23.46� 5.27%ID/g). The
remaining tissues including heart, bone, and muscle showed low
uptake of 89Zr-Df-IAB22M2C.

CD8-IHC revealed a significant increase of CD8 cell recruitment
to the tumor after FOLR1-TCB treatment (1344.17 � 178.74 CD8þ

cells/mm2; P¼ 0.0086) as compared with vehicle treatment (134.00�
48.11 CD8þ cells/mm2). In-line with the PET imaging results, the
CD8þ cells were mainly located in the tumor center after FOLR1-TCB
treatment (Fig. 5C and D).

We have demonstrated that two administrations of FOLR1-TCB
3 days apart were able to induce high CD8þ T-cell infiltrates in HeLa
tumors, which were efficiently detected by the 89Zr-Df-IAB22M2C
PET tracer and confirmed by g-counting and CD8-IHC.

Both studies, CEA-4-1BBL/CEA-TCB and FOLR1-TCB were
included in a correlation to compare the in vivo PET/ex vivo g-counting
results with CD8-IHC. A positive correlation between CD8-IHC and
g-counting (R2 ¼ 0.6843) was observed (Supplementary Fig. S6A). A
weaker correlation was obtained with PET (R2 ¼ 0.3251; Supplemen-
tary Fig. S6B).

Discussion
Monitoring the dynamics of tumor-infiltrating CD8þ T cells using

immune cell–specific tracers for PET clinical imaging, like 89Zr-Df-
IAB22M2C, has the potential to both transform diagnosis and staging

Figure 2.

Imaging CD8 T-cell infiltration upon CEA-4-1BBL/CEA-TCB mono- and combination therapy with 89Zr-Df-IAB22M2C PET. A, Experimental layout showing the
treatment protocol and imaging time points. B, Tumor growth curves upon treatment with vehicle/histidine buffer (n¼ 7), CEA-4-1BBL (n¼ 9), CEA-TCB (n¼ 10),
and CEA-4-1BBL/CEA-TCB combination (n¼ 8). CEA-4-1BBL and CEA-TCB monotherapy showed an equal antitumoral effect, while the combination therapy with
CEA-4-1BBL and CEA-TCB induced the strongest tumor regression in each experimental animal. C, Representative PET/CT MIP images 40 hours post-injection of
89Zr-Df-IAB22M2C into mice treated with vehicle, CEA-4-1BBL, CEA-TCB mono-, and combination therapy. Two representative mice are depicted per treatment
group. White arrows, the tumor; orange arrows, organs with highest uptake. Vehicle- and CEA-4-1BBL–treated groups showed sporadic circular PET signals at the
tumor borders, while in CEA-TCB–treated tumors, these signals were homogenous throughout the tumor borders. In the CEA-4-1BBL/CEA-TCB–treated group the
PET signals were also homogenously distributed in the center of the tumors. s.c., subcutaneous.
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Figure 3.

Ex vivo validation of 89Zr-Df-IAB22M2C PET following CEA-4-1BBL/CEA-TCB treatment by ex vivo g-counting and CD8-IHC. A, PET analysis shows the
89Zr-Df-IAB22M2C uptake (mean � SEM; %ID/cc) in vehicle- (n ¼ 7), CEA-4-1BBL- (n ¼ 9), CEA-TCB- (n ¼ 10), and combination-treated tumors (n ¼ 8).
The lowest tumor uptake was recorded for the vehicle-treated group, followed by CEA-4-1BBL and CEA-TCB monotherapy, and the highest tumor uptake was
observed in the combination treatment group. Tukey Kramer, �� , P < 0.01. B, Whole-body biodistribution of 89Zr-Df-IAB22M2C determined by PET at 40 hours
in various organs, secondary lymphoid organs, and various tissues (mean � SEM; %ID/cc). No significant differences were observed in any organ or tissue.
The highest uptake of 89Zr-Df-IAB22M2 was recorded in the spleen, liver, and kidneys. C and D, g-Counting of the tumor (C) and whole-body biodistribution (D)
show the 89Zr-Df-IAB22M2C uptake (mean� SEM;%ID/g) in the different treatment groups and confirm the in vivoPET results. TukeyKramer, � , P <0.05; �� ,P <0.01;
��� , P < 0.001. E and F,CD8-IHC quantification (mean� SEM; CD8þ cells/mm2; E) and representative images (F) from each treatment group (n¼ 4). CD8-IHC results
are in-linewith the g-counting results,where the combination therapy induced the highest CD8þ cell infiltrate, followedbyCEA-TCBandCEA-4-1BBLmonotherapies.
Fishers LSD, � , P < 0.05.
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of patients with cancer and accelerate the development of novel cancer
immunotherapy therapeutic approaches: (i) inform on patient selec-
tion (and stratification in clinical trials) based on presence of CD8þ T
cells in the TME, (ii) predict response to treatment early after
initiation, (iii) monitor changes in T-cell infiltrates after cancer
immunotherapy combination protocols and support therapeutic deci-
sion making such as, change in therapy or termination of treatment,
and (iv) assess the mode of action (MoA) of new cancer immuno-
therapy drugs, accelerate their development, and help in defining the
optimal biological/therapeutic dose for agonistic drugs.

In the preclinical studies shown here, we aimed to validate this
concept by using the anti-CD8 89Zr-Df-IAB22M2C tracer following
treatment with three bispecific biologics. We investigated cancer
immunotherapy compounds, which have a different, agonistic MoA
compared with current standard of care CPI. CEA-TCB (RG7802) is a

potent T-cell activator currently under clinical development as
treatment for CEA-expressing tumors (3, 4). The sister molecule
of CEA-4-1BBL, fibroblast activation protein (FAP)-targeted
FAP-4-1BBL (RG7826; ref. 14), is currently under development
in clinical phase I trials.

First, we showed that using an in vitro cytotoxicity assay the
administration of the CD8-Mb IAB22M2C to CEA-4-1BBL/
CEA-TCB or FOLR1-TCB does not interfere with the therapeutic
effect. The exclusion of any interaction between the CD8-Mb and the
cancer immunotherapy drugs is essential for a potential clinical
application of CD8-PET. We observed low-level tumor cell killing
when cells were incubated with very low concentrations of FOLR1-
TCB in the presence of an extremely high dose of anti-CD8 Mb
(≥7,800-fold higher). One hypothesis for this finding is steric hin-
drance between the two compounds, although the two molecules are

Figure 4.

Imaging CD8 T-cell infiltration upon treatment with FOLR1-TCB. A, Experimental layout showing the treatment schedule and imaging timepoints. B, Tumor volume
onday4, after twovehicle or FOLR1-TCB treatments (mean�SEM;mm3). Student t test, �� ,P<0.01.C,Representative PETMIP andCT images for anatomic reference
40 hours post-injection of 89Zr-Df-IAB22M2C into mice treated with vehicle or FOLR1-TCB. Four representative mice are depicted from each group. White arrows,
uptake in tumor; orange arrows, uptake in organs. PET signals in the tumors after FOLR1-TCB treatment were higher compared with the vehicle treatment. D, PET
analysis (mean�SEM;%ID/cc) and g-countingof tumors (mean�SEM;%ID/g) after treatmentwith vehicle (n¼6) or FOLR1-TCB (n¼8). Treatmentwith FOLR1-TCB
induced a higher uptake of 89Zr-Df-IAB22M2C in HeLa tumors compared with the vehicle group. Student t test, �� , P < 0.01; ��� , P < 0.001.
s.c., subcutaneous.
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targeting very different epitopes. However, such a high amount of anti-
CD8Mb greatly exceeds the value expected in the in vivo situation. As a
matter of fact, in our preclinical studies, the cancer immunotherapy
compounds always exceeded the amount of anti-CD8-Mb (estimated
anti-CD8-Mb/FOLR1-TCB ratio to be 0.2, i.e., 40,000-times lower
than the ratio needed to detect an interaction in vitro).

The combination of CEA-TCB and CEA-4-1BBL induced the
highest tumor regression in vivo, with lower antitumor activity when
the agents were administered as monotherapy. An antitumor effect
was not expected for CEA-4-1BBL on its own, as humanized mouse
models have a limited ability to provide signal 1 (activation following
antigen recognition by TCR; refs. 22–24), resulting in less downstream
effects such as upregulation of 4-1BB and other costimulatory recep-
tors. As previously reported, FAP-4-1BBL or CD19-4-1BBL mono-
therapy had only very limited effect on tumor growth and tumoral
T-cell accumulation (14). Humanized mice are complex animal
models to establish and are known to be associated with development
of graft-versus-host disease (25). We hypothesize that the observed
antitumoral response in the CEA-4-1BBL monotherapy cohort could
be a result of a mild existing allograft reaction of the humanized
immune system against the MKN-45 tumors, which is intensified by
the administration of CEA-4-1BBL. Because the CD34þ stem cells that
were transferred in the NSG mice have a different HLA composition

compared with the MKN-45 tumors, an allograft reaction against the
tumor is possible (25). This assumption is supported by a study of
Sanmamed and colleagues, where the treatment with the anti-4-1BB–
specific mAb urelumab was able to induce a potent antitumoral
response in tumor-bearing humanized mice (26).

The mono- and combination therapies with CEA-TCB/CEA-4-
1BBL induced varying levels of CD8þ T-cell infiltrates in vivo, which
correlate well with previously reported results (14). These differences
could be visualized and quantified using the anti-CD8 Mb. IHC
analysis for tumor density, necrosis, and blood vessel formation in
MKN45 tumors showed no major differences between the CEA-4-
1BBL/CEA-TCBmono/combination treatment groups and the vehicle
group. This suggests that the unspecific background signal is present in
all treatment groups, including the vehicle group, at an equal level and
that the detected differences are CD8-related signals. On the basis of
the PET imaging results, we were also able to detect the location of the
T cells within the TME, where the monotherapy recruited T cells
mainly to the tumor rim, while the combination therapy led to T-cell
infiltration in the tumor rim and center. These findings are well in-line
with the findings by Rashadian and colleagues, where CD8-specific
nanobodies were used to detect CD8þ T cells after cancer immuno-
therapy.With this technique the authors were able to spatiallymap the
T-cell infiltration within the TME (27). For the second preclinical

Figure 5.

Ex vivo validation of the 89Zr-Df-IAB22M2C PET upon treatment with FOLR1-TCB by ex vivo g-counting and CD8-IHC.A and B, PET analysis (mean� SEM%ID/g; A)
and g-counting (mean� SEM; %ID/g;B) of 89Zr-Df-IAB22M2Cwhole-body biodistribution in various organs, secondary lymphoid organs, and various tissues. Only in
the spleen was a significantly higher uptake of 89Zr-Df-IAB22M2C observed after FOLR1-TCB treatment compared with the vehicle group. Other organs
with 89Zr-Df-IAB22M2 uptake were liver and kidneys. C and D, Quantification (mean � SEM; CD8þ cells/mm2; C) and representative images of CD8-IHC
uponvehicle (n¼6) and FOLR1-TCB treatment (n¼8;D). FOLR1-TCB induced a higher level of CD8þT-cell infiltrate comparedwith the vehicle control. Student t test,
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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study, we administered the very potent FOLR1-TCB bsAb, which
induced strong T-cell infiltrates as detected by 89Zr-Df-IAB22M2C
and confirmed with CD8 IHC. In addition, the treatment with
FOLR1-TCB induced an increase of 89Zr-Df-IAB22M2C uptake in
the spleen as compared with vehicle-treated mice, as detected in the
PET images and by g-counting. The increased uptake in the spleen was
not observed in other investigated organs. Presumably, this expansion
of CD8þ cells is an unexpected nontumor-specific effect caused by
the short and intense treatment with FOLR1-TCB. Because it was
not observed after treatment with the more potent CEA-TCB and
CEA-4-1BBL combination, we conclude that it might be exclusive to
the FOLR1-TCB therapy regimen in HeLa-bearing humanized mice.

These studies are in agreement with preclinical results previously
publishedwith amouseCD8-specificMb/Db after anti-PD-1mAband
anti-4-1BB mAb treatment (21, 28, 29). To our knowledge, the work
presented here is the first reported data using a clinical human CD8-
specific tracer to monitor the pharmacodynamic efficacy of TCB
antibodies.

Higher CD8-IHC corresponds to higher values for both PET and
g-counting. As expected, a better correlation was observed with
ex vivo g-counting. PET quantification was obtained by selecting a
ROI over the tumor region. This tumor region defined on the
images does not match perfectly with the excised specimen collected
for IHC and g-counting. Furthermore, PET quantification was
influenced by partial volume effect. While this would be of lesser
importance in the clinic, this is a well-known limitation in pre-
clinical mouse studies where the tumor size is more comparable
with the image spatial resolution. For these reasons, the relationship
between IHC and g-counting is more informative. The results still
need to be interpreted carefully, however, (i) only a limited sample
number was included in this analysis, (ii) for g-counting, the full
excised tumor was analyzed, for IHC this was a single slide only;
thus, tumor heterogeneity was not considered by the IHC analysis,
and (iii) two tumor models were pooled for this analysis. The
differences of the MKN-45 and HeLa tumor in regard to perfusion,
necrosis, or stroma may also influence the results. In light of these
limitations, the correspondence observed between IHC and CD8
quantitation with the PET tracer is encouraging.

In the MKN-45 or HeLA tumor–bearing humanized mice,
89Zr-Df-IAB22M2C showed a favorable biodistribution, where it
selectively accumulated in the tumor tissue, in lymphatic tissues,
and in the clearance organs. The Mb had a very fast clearance from
the blood, resulting in a high sensitivity with low background
signals at 40 hours, which are desirable properties for PET imag-
ing (16). Thus, the pharmacokinetic of the anti-CD8 Mb is
favorable for PET imaging and overcomes limitations observed
with full-length antibodies, which were previously used to image
various T-cell epitopes such as CD3, CD4, CD25, or CD45 (30).
Adverse events and infusion-related effects were not observed
throughout the course of both preclinical studies, which is in-
line with recent published clinical results (19). Liver uptake was
observed for the Mb due to its hepatobiliary clearance. Although it
is conceivable that this could affect the detection of CD8 cells in
clearance organs, a recent publication from Pandit-Taskar and
colleagues showed that the detection of tracer uptake in human
liver tumors is feasible (19).

On the basis of our results, we conclude, that the anti-CD8 Mb
89Zr-Df-IAB22M2C has a high potential to visualize and quantify
CD8þ T-cell infiltrates upon mono and combination cancer immu-
notherapy in primary lesions, metastasis, and malignant lymphoid
tissues of patients with cancer. Whole-body PET imaging in the clinic

offers the advantage of not being limited to the characterization of only
one single tumor lesion, which is the often the case for biomarker
analysis on tumor biopsies. IHC on needle biopsies are known to be
affected by high rates of sampling errors, due to heterogeneity in the
TME.

Alternative tracers that target CD8þ T cells such as nanobodies
have been described in preclinical studies and were able to monitor
CD8þ T-cell infiltrates following anti-CTLA-4 mAb treatment (27).
However, a clinical application of these nanobodies to image CD8
in humans has not been reported to date (27). Besides targeting of
the surface marker CD8, there are other PET tracers in clinical
development that aim to target upregulated pathways in activated
T cells (31, 32). However, it is conceivable that in the complex TME
these pathways might also be upregulated in tumor cells or other
immune cells as well, and therefore limit the ability of these probes to
differentiate between activated immune cells and tumor cells based on
PET imaging. Imaging T-cell activation through granzyme B, using a
peptide-based tracer (28, 30), has the potential to provide comple-
mentary data to CD8 imaging, generating information directly related
to the activation state of T cells. The peptide was used in syngeneic
murine models during anti-CTLA-4 and anti-PD-1 therapy and was
able to distinguish between responders and nonresponders (33, 34).
Clinical evaluation in patients with cancer in the future will confirm
whether imaging granzyme B is a feasible strategy in humans to
monitor cancer immunotherapy. Radiolabeled IL2 with 99mTc or
18F was also tested as a tracer in human patients with melanoma for
scintigraphy (35, 36), but it was not confirmed that the IL2 tracer is able
to monitor response to CPI treatment.

An additional imaging strategy in immune-oncology is the suc-
cessful clinical application of radiolabeled antibodies against PD-1
(nivolumab) and PD-L1 (atezolizumab), as well as a PD-1-specific
adnectin (37, 38). Clinical PET imaging with radiolabeled anti-PD-L1
full-length mAb enabled the identification of possible responders to
PD-L1 therapy (37). Of note, the targeting of PD-L1 is not specific
to immune cells as PD-L1 is also expressed by tumor cells, and
immune cells such as macrophages, plus other cells in the TME
(such as tumor stroma; ref. 39). The validity of PD-L1 in the TME as
a predictive biomarker of response to immunotherapy is still
controversial (40). In addition, the use of a full-length antibody
as an imaging agent for diagnostic purposes is undesirable, due to
the potential immunogenicity and long plasma half-life, which
results in a high background signal and nonoptimal tumor
uptake (16). More tracers that target PD-1 or PD-L1 are currently
under preclinical development, and will reveal in the future whether
differences between cancer immunotherapy combination partners
can be observed, and whether these differences correlate with
antitumoral efficacy (18, 41–43).

We present a preclinical application of a humanized, radiolabeled
CD8-specific Mb, which is currently in clinical development (19), in
two different tumor models in humanized mice. In separate cancer
immunotherapy settings with immune-activating, tumor-associated
antigen-specific mono- and combination therapies, the anti-CD8-Mb
89Zr-Df-IAB22M2C Mb is able to differentiate varying levels of
intratumoral CD8þ T-cell infiltrates. The results show that PET
imaging of CD8 T-lymphocyte infiltration in tumor lesions is a viable
approach to monitor response to cancer immunotherapy.
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