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Introduction

The field of immuno-oncology has experienced rapid and exciting
growth, benefiting from the development of intricate adoptive cell
therapies (1) and numerous mAbs (with clinical approval of over
20 of these Abs), and a deeper understanding of the immune-
suppressive tumor microenvironment now deemed a hallmark
of cancer (2-4). Immunotherapies, which function by priming
the patient’s immune system to recognize and destroy malignant
cells, have greatly altered traditional treatment paradigms. Their
variable successes in the clinic have invigorated interest in non-
invasive and longitudinal monitoring of immune responses, with
the aim of understanding why certain therapies succeed, while
others fail to deliver durable clinical responses. With the complex
and varying spatiotemporal signatures of immune modulation, it
has proved challenging to monitor and predict responses to can-
cer immunotherapy using standard imaging practices. Current
clinical practice, which includes magnetic resonance-derived
(MR-derived) or CT-derived anatomical measurements, often
yields limited or potentially misleading data (5). With the use
of MR and CT, clinicians face the challenge of distinguishing
between increases in lesion size due to disease progression and
“pseudoprogression” caused by an influx of tumor-infiltrating
immune cells, usually a positive indicator of treatment response.
Limitations to the response evaluation criteria in solid tumors
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In situ cancer vaccines are under active clinical investigation, given their reported ability to eradicate both local and
disseminated malignancies. Intratumoral vaccine administration is thought to activate a T cell-mediated immune response,
which begins in the treated tumor and cascades systemically. In this study, we describe a PET tracer (**Cu-DOTA-AbOX40)
that enabled noninvasive and longitudinal imaging of 0X40, a cell-surface marker of T cell activation. We report the
spatiotemporal dynamics of T cell activation following in situ vaccination with CpG oligodeoxynucleotide in a dual tumor-
bearing mouse model. We demonstrate that 0X40 imaging was able to predict tumor responses on day 9 after treatment on
the basis of tumor tracer uptake on day 2, with greater accuracy than both anatomical and blood-based measurements. These
studies provide key insights into global T cell activation following local CpG treatment and indicate that **Cu-DOTA-AbOX40 is
a promising candidate for monitoring clinical cancer immunotherapy strategies.

(RECIST) have prompted the development of specific immune-
related response criteria (irRC) (6, 7). However, even these criteria
are unable to provide an early indication of therapy efficacy, such
that 8-12 weeks may pass before an initial response assessment
can be performed. Another limitation of these criteria is that they
do not provide any biological insight. Excisional biopsies taken
for histopathological assessment can yield biological information
and corroborate anatomical imaging, but are invasive and chal-
lenging to apply and can be unreliable because of intrinsic tumor
heterogeneity. Thus, there is a pressing need to develop predictive
and prognostic readouts that can illuminate our understanding
of response to immunotherapies, both in terms of dynamic alter-
ations in immune function and clinical outcome.

PET imaging is a highly sensitive and quantitative clinical imag-
ing modality with the potential to enable noninvasive, real-time
visualization of dynamic immune responses. An array of small-
molecule metabolic PET radiotracers have been developed and
characterized to date for applications in immune cell imaging. For
example, *F-fluorodeoxyglucose (®*F-FDG), the most widely used
clinical PET tracer, has principally been used to assess the efficacy
of traditional nontargeted chemotherapies, but has also been used
extensively to evaluate inflammation in the clinic (8, 9). A major
challenge in delineating immunotherapy response, however, is that
8F-FDG suffers from relatively high uptake in both tumor-infiltrating
T cells and cancer cells (10), as do other small-molecule metabolic
tracers including 3'-deoxy-3'[*F]-fluorothymidine (®*F-FLT), 1-(2'-
deoxy-2'-[®*F]fluoro-p-d arabinofuranosyl)cytosine (*F-AraC) (11),
and 2'-deoxy-2'-[**F]fluoro-9-B-D-arabinofuranosyl guanine (**F-
AraG) (11, 12). Reporter gene strategies, such as the use of herpes
simplex virus type 1 thymidine kinase (HSV1-tk) in conjunction
with the PET tracer 9-[4-[*F]-fluoro-3-(hydroxymethyl)butyl]
guanine (®F-FHBG), represent a powerful way to monitor the traf-
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Figure 1. 0X40 is a sensitive and specific indicator of T cell activation in vitro. (A) Histograms (fluorescence intensity) for 0X40, CD44, and CD25 expression
following murine T cell activation with PMA/ionomycin or CD3/CD28-specific Ab-coated Dynabeads, and histograms (fluorescence intensity) for human T cells
following activation. (B) 3D flow cytometric plots of 0X40 expression on resting and activated CD4* and CD8* murine T cell subsets. Scale bar: purple = low 0X40
expression; yellow = high 0X40 expression. (C) Quantitation of 0X40 mean fluorescence intensity (MFI) of resting, PMA/ionomycin-stimulated, or Dynabead-
activated murine T cells (n = 3 mice/group). (D) Corresponding *Cu-DOTA-AbOX40 tracer uptake (% dose/10° cells) in resting, PMA/ionomycin-stimulated, or
Dynabead-activated murine T cells (n = 6 replicates/group) for unblocked, blocked, and KO groups from 2 independent experiments. (E) ®*Cu-DOTA-AbOX40
tracer uptake (% dose/10° cells) in Dynabead-activated murine T cells compared with resting T cells and various murine cancer cell lines (n = 3 mice/group). A20,
B cell ymphoma; GL26, glioma; NDL, mammary carcinoma; 471, mammary carcinoma; CT26, colorectal carcinoma. All values represent the mean + SEM unless
otherwise specified. ****P < 0.0001, by 2-way ANOVA with Bonferroni’s post test for group comparisons (D) or by 1-way ANOVA (C and E).

ficking and survival of adoptive immune cell therapies. These strat-
egies have been evaluated clinically but require ex vivo manipulation
of cells, which is not always feasible (13).

Immuno-PET, a direct imaging strategy that combines PET
isotopes with targeting Abs, engineered fragments, or binders, can
overcome many of the challenges associated with small-molecule
radiotracers. Importantly, Immuno-PET offers increased specific-
ity for immune subsets and functional states through the targeting
of cell-surface markers (14). The presence of CD8* T cells in tumor
biopsies is usually associated with a favorable therapeutic response
in patients receiving immunotherapy (15, 16) and has thus fueled the
development of a range of CD8-targeted PET probes (17-19). While
the infiltration of CD8* T cells has been a recent major focus for the
imaging community, the role of the CD4* T cell population is increas-
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ingly being reported (20, 21). A PET probe that could potentially
report on both CD8" and CD4* T cell populations could therefore
provide a more comprehensive picture. While CD3-targeted probes
can capture the dynamics of both phenotypic subsets, this biomarker
still fails to report on the activation state of T cells, which has been
highlighted as a critical determinant of treatment success in oncol-
ogy. Delineating cellular states such as activation and exhaustion
could enable a more accurate prediction of prognostic outcomes
than would reporting on the presence of tumor-infiltrating immune
cells alone, which may well be present but rendered anergic. Indeed,
imaging the dynamics of activated immune states is currently being
explored preclinically by many groups (19, 22).

Given the explicit need for improved imaging biomarkers of
response to immunotherapy and the central role of activated CD8*
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and CD4* T cells in this context, our group performed a thorough
literature and database query and identified the OX40 (also known
as CD134) receptor as a highly promising biomarker candidate. A
member of the TNF receptor superfamily, OX40 binds the ligand
OX40L, found on activated antigen-presenting cells (APCs), result-
ing in recruitment of TNF receptor-associated factors (TRAFs),
formation of a T cell receptor-independent signaling complex, and
downstream activation of NF-kB (23). The resultant production
of cytokines such as IL-2 and IFN-y promotes the survival, prolif-
eration, and activation of T cells. OX40 expression is restricted to
antigen-specific activated T cells, in contrast to other activation
markers (i.e., CD25, CD44) that are associated with many cell types.

Given these reports of OX40 as a highly specific biomarker of
activated T cells, we set out to validate these findings by develop-
ing a PET imaging agent capable of detecting its expression. We
report here for the first time to our knowledge the development
of an Ab-based PET imaging agent capable of noninvasive and
specific detection of OX40 for monitoring activated T cell re-
sponses in a clinically relevant in situ cancer vaccine model. Fur-
thermore, by integrating simple machine-learning approaches
and OX40 PET imaging-derived biomarkers, we successfully
predict tumor response to in situ vaccines at earlier time points
and with much greater accuracy than could be achieved with
anatomic or blood-based biomarker strategies alone.

Results

Validation of OX40 as a sensitive and specific indicator of T cell acti-
vation. To begin, we sought to validate OX40 as a potential bio-
marker of activated T cells in culture. FACS analysis of murine
T cells stimulated with PMA and ionomycin or with CD3- and
CD28-specific Ab-coated Dynabeads showed a significant (P <
0.001) increase in OX40 expression compared with expression in
resting cells. Importantly, we also confirmed the selective upreg-
ulation of OX40 on activated human T cells. The expression of
0X40 on murine and human T cells correlated well with other
established T cell activation markers including CD44, CD25,
and CD69 (24, 25) (Figure 1A). A closer look at the OX40" cells
revealed that the population was composed of both CD4* and
CD8" T cell subsets (Figure 1B).

To modify the murine OX40 Ab for radiolabeling, DOTA che-
late conjugation was initially optimized using a 5-, 10-, or 15-fold
excess of chelate per Ab in overnight reactions at 4°C (Supplemen-
tal Figure 1A; supplemental material available online with this
article; https://doi.org/10.1172/JCI98509DS1). After conjugation,
the reactions were quenched and analyzed using mass spectrome-
try to confirm the average number of chelates per Ab molecule. To
prevent overmodification of the Ab and associated loss of immune
reactivity, we chose a 5-fold DOTA excess for all subsequent
batches of conjugate produced, which yielded an average of 2 to
3 DOTASs per Ab (Supplemental Figure 1B). To test immunoreac-
tivity, we performed cell-binding studies with activated murine T
cells, which showed that binding of DOTA-AbOX40 to cells was
comparable to that of unconjugated Ab (Supplemental Figure 1C,
left). Furthermore, using a competitive cell-binding assay, we were
able to show that the endogenous OX40 ligand (OX40L) and the
mADb used for tracer development do not compete, thus minimiz-
ing the potential effects of in vivo OX40L expression on radiotrac-
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er sensitivity (Supplemental Figure 1C, right). Size-exclusion chro-
matography-HPLC (SEC-HPLC) chromatograms of the immune
conjugate at 220 nm showed a principal peak at 8 minutes, cor-
responding to DOTA-AbOX40, as confirmed by SDS-PAGE (Sup-
plemental Figure 1D). Purification of the final copper-labeled
immunoconjugate (“*Cu-DOTA-AbOX40) was followed by radio-
HPLC analysis, which, in conjunction with TLC, confirmed high
radiochemical purity (99%) (Supplemental Figure 1E). Final char-
acterization of the radiotracer (“*Cu-DOTA-AbOX40) revealed a
specific activity of 5 to 10 uCi/ug (Supplemental Figure 1F).

To assess the specificity of the radiotracer, we performed
cell-binding assays using resting, PMA/ionomycin-stimulated,
and Dynabead-activated murine T cells. Cells were incubated
with the radiotracer for 30 minutes, washed thoroughly, and ana-
lyzed for cell-associated radioactivity using a gamma counter.
¢4Cu-DOTA-AbOX40 binding correlated well with cell activa-
tion and OX40 expression, as measured by flow cytometry (Fig-
ure 1, C and D). Resting murine T cells, which showed negligible
0X40 expression, exhibited the least amount of binding to the
radiotracer. T cell activation by Dynabeads (simulating APC stim-
ulation) is known to be a more potent stimulus for activating T
cells than PMA/ionomycin. Indeed, Dynabead-activated T cells
showed the greatest target expression and the correspondingly
highest binding of the radiotracer (Figure 1D). Importantly,
uptake was high in activated T cells and low in resting, blocked,
and OX40-KO T cells, with minimal nonspecific binding in these
samples. We also observed minimal nonspecific uptake across a
panel of murine suspension and adherent cancer lines, providing
further evidence for the high specificity of OX40 as a biomarker
of activated T cells (Figure 1E).

Characterization of 0X40 as a biomarker of activated T cells in an
in situ adjuvant vaccine model. To establish and characterize OX40
as a biomarker of an activated T cell immune response in living
subjects, we chose a model that recapitulates an in situ tumor adju-
vant vaccination strategy currently being tested in phase I clinical
trials (26, 27). We used a murine dual-tumor site subcutaneous A20
lymphoma model, in which an intratumoral vaccine adjuvant, CpG
oligonucleotide (ODN), was administered into only 1 of the tumors.
CpG ODNs are ssDNA fragments containing unmethylated
cytosine-guanine sequence motifs, a signature of microbial DNA,
that bind to TLRs present on APCs and trigger intracellular signal-
ing and immune activation (28). Given its ability to elicit the innate
immune component as well as antigen-specific T cell respons-
es, CpG has been explored clinically as a vaccine adjuvant and in
conjunction with chemotherapy and radiotherapy (29).

Here, mice bearing dual A20 tumors (~60-80 mm?®) were
administered CpG (50 pgin 50 pl PBS) or vehicle (50 pl PBS) intra-
tumorally on days O, 2, and 4 at the tumor site near the left shoul-
der. The distal tumor on the right shoulder remained untreated
(Supplemental Figure 2). We hypothesized that in situ vaccina-
tion with CpG would repolarize the locally treated tumor environ-
ment and induce an activated T cell response (Figure 2A). Tumor
growth curves (volume mm?, n = 7-8/group) indicated that CpG
in situ vaccination led to a statistically significant (P < 0.0001,
2-way ANOVA) therapeutic response in the treated tumor as early
as day 7 and delayed tumor growth in the distal untreated tumor,
which was evident by day 9 (P < 0.01, 2-way ANOVA) (Figure 2B).
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Figure 2. In situ vaccination with CpG activates 0X40° T cells in the

local tumor and TDLNs, leading to the onset of a systemic response. (A)
Schematic representation of the in situ vaccination strategy and a hypo-
thetical immune response. (B) Treated tumor (TT) and untreated tumor
(UT) growth curves (volume, mm?) based on caliper measurements for
CpG-treated (n = 7) and vehicle-treated (n = 8) cohorts. Values represent
the mean + SEM. ****P < 0.0001 and **P < 0.01, by 2-way ANOVA with
Bonferroni’s post test. (C) Top: Fold change (normalized to vehicle) in the
frequency of 0X40*CD3* T cells in CpG-treated versus untreated TDLNs
and (D) tumors at early (n = 5 mice/group) and late (n = 4 mice/group) time
points. Bottom: Fold change in the frequency of CD3* T cells. Gray dashed
line demarcates unity. Values represent the mean + SEM. Statistical anal-
ysis was performed using a 2-way ANOVA. P values represent probability
differences over time in marker expression due to random chance. (E)
Representative viSNE clustering of CD4*, CD8*, and 0X40* markers at the
early time point in the CpG-treated cohort. (F) Images of spleens (late
time point) from CpG- and vehicle-treated cohorts, presented side by side.
Graph shows the fold change (normalized to vehicle) in the frequency

of 0X40*CD3* T cells in the CpG-treated cohort at early (n = 5 mice) and
late (n = 4 mice) time points. ***P < 0.001, by unpaired Student's t test.
(G) Heatmap of log, fold change (normalized to control mice) of cytokine
expression at both early and late time points in vehicle- and CpG-treated
cohorts. Columns represent mice; rows represent cytokines. Scale bars:
blue = 0, yellow >4 log, fold change.

These data suggested that the local immune response triggered
by CpG had the potential to cascade systemically, in line with
previous reports (26). This provided us the opportunity to char-
acterize the spatiotemporal expression of OX40 as a potential
biomarker of activated T cell immune response dynamics follow-
ing in situ CpG vaccination. We chose day 2 after therapy, when
no changes in tumor volume were yet evident, and day 9, when
treatment cohorts exhibited a clear response stratification based
on visible tumor volume reduction, as our early and late analysis
time points, respectively.

At the early time point, flow cytometric analysis revealed
increased OX40 expression in the treated tumor and a statistically
significant increase in the frequency of 0X40*CD3* T cells follow-
ing CpG in situ vaccination in the treated tumor-draining lymph
node (TDLN) compared with both the untreated sites (P < 0.05)
and vehicle cohorts (P < 0.01) (Figure 2, C and D, and Supple-
mental Figure 3, A and B). Selective upregulation of OX40 at the
treatment sites alone suggested that in situ CpG vaccination trig-
gered a local induction of a cellular immune response. Changes
in OX40*CD3" T cell frequencies preceded a relative increase in
the overall proportion of CD3* T cells within CpG-treated tumors.
Interestingly, CpG vaccination did not cause significant changes
in the relative frequencies of CD4* helper or CD8* cytotoxic T cell
subsets within the tumor (Supplemental Figure 3, C and D).

Given the reports that OX40 expression has been found in
several other cell types (30), including constitutive expression on
FoxP3* Tregs in mice but not humans, we examined the phenotype
of cells expressing OX40 in our model. Visualization of the high-
dimensional, single-cell data was performed using ViSNE
(described in the Supplemental Methods). viSNE maps showed
0X40* cells to be highly restricted to clusters associated with T
cells (Figure 2E) and, more specifically, CD4* helper T cells. Other
potential biomarkers of T cell activation, including CD44, CD25,
and PD-1, showed much less restriction to T cell-associated clus-
ters, consistent with their known roles on a variety of other cellular

RESEARCH ARTICLE

subsets (Supplemental Figure 4A). 0X40*CD4* T cells in the tumor
and TDLNs were also double positive for the activation markers
CD44 and CD25 (Supplemental Figure 4, B and C). Furthermore,
the expansion of CD44*CD25'*0X40*CD3* T cells observed upon
CpG in situ vaccination represented a nonregulatory FoxP3 CD4*
T cell subset (Supplemental Figure 4D). Our analyses therefore
suggest that OX40 is predominantly a biomarker of a highly acti-
vated effector T cell subset in this mouse model and that CD4* T
cells play an important role following in situ vaccination with CpG.

At the late time point, CpG-treated tumors showed a significant
reduction in tumor volume. Correspondingly, OX40 expression
returned to baseline (Figure 2, C and D). While we observed height-
ened OX40 expression in the distal untreated TDLNs) of a few
CpG-treated mice, detectable increases in OX40 expression in the
untreated tumor failed to emerge on average, consistent with a weak
therapeutic response at these sites. At the late time point, secondary
lymphoid organs such as the spleen appeared enlarged and showed
anincrease in OX40'CD3" T cell frequencies (P < 0.001) (Figure 2F).
Luminex analysis revealed that robust inflammatory cytokine signa-
tures present in the blood on day 2 following in situ vaccination with
CpG had begun to taper by day 9, with several CpG-treated mice no
longer showing upregulation of inflammatory cytokines (Figure 2G,
Supplemental Figure 5, and Supplemental Figure 6).

Taken together, these findings highlight the complex immune
response following in situ vaccination with CpG. OX40" activated
T cells exhibited spatiotemporal varying signatures in response to
treatment. Recognizing that biopsies are invasive and cannot ade-
quately sample the heterogeneity in immune responses across sub-
jects, we sought to evaluate OX40 Immuno-PET as a means of non-
invasively monitoring activated T cell dynamics at the systems level.

Noninvasive imaging of OX40 to assess the spatiotemporal
dynamics of activated T cells following in situ vaccination. To assess
the ability of ®Cu-DOTA-AbOX40 to capture the dynamics
of OX40* T cells and to further elucidate the critical role they
play in this therapeutic model (31), we performed longitudinal
Immuno-PET imaging studies. PET images acquired 24 hours
after tracer injection, interestingly, showed pronounced ®‘Cu-
DOTA-AbOX40 signalinthe TDLNs of tumor-bearing mice (Figure
3, Supplemental Figure 7, and Supplemental Videos 1 and 2), which
we did not observe in the peripheral lymph nodes of these mice or
in naive mice (data not shown). This signal is probably attributed to
T cells that have been exposed to antigen draining from the local
tumor or a Treg compartment that is present at baseline. Upon
treatment with CpG, PET imaging (post-treatment day 2) revealed
a local response to the in situ vaccination. We observed a signifi-
cant enhancement of the PET signal in the CpG vaccine-treated
tumor (56% increase, P < 0.01) and associated TDLNs compared
with both the vehicle-treated tumor and the distal untreated sites.
This observation corroborated the expansion of the 0X40*CD4* T
cell effector subset we observed during our FACS studies.

Histological analysis of day-2 treated tumors supported the
PET imaging findings, in which OX40-expressing cells were
clearly observed in tumors receiving CpG treatment, where-
as vehicle-treated tumors had overall low numbers of double-
positive CD3*0X40*-stained cells, which likely represented Tregs
(Supplemental Figure 8). Histology revealed a heterogeneous
distribution of CD3* T cell infiltration into both CpG-treated and
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Figure 3. Noninvasive imaging of 0X40 captures the spatiotemporal dynamics of activated T cells following in situ vaccination. Images were acquired
24 hours after Cu-DOTA-AbOX40 tracer injection (~100 pCi). (A) Reference atlas forimage ROIs. TT DLN, treated TDLN; UT DLN, untreated TDLN; H,
heart; Li, liver; Bl, bladder. (B) Top: Head-on view of volume-rendered technique (VRT) PET-CT images of representative mice vaccinated in situ with either
vehicle or CpG. Bottom: Axial cross section through tumors and heart. Images were acquired on day 2 after therapy. VRT PET-CT images of representative
vehicle-treated (C) and CpG-treated (D) mice on days 2 and 9 after vaccination. White arrows indicate the treatment site. Scale bar: Maximum (Max) = red;

minimum (Min) = green.

vehicle control tumors, highlighting the difficulty of assessing
tumors on the basis of T cell numbers and penetration alone.

On day 9 after treatment, we observed enhancement of the
%4Cu-DOTA-AbOX40 PET signal in the spleen (247.9% increase,
P < 0.0001) and in a small number of distal untreated TDLNs
(Figure 3, C and D). Given that the imaging findings closely
corroborate the histology and flow cytometric analysis, the evi-

dence strongly suggests that **Cu-DOTA-AbOX40 is capable of

noninvasively monitoring the dynamics of 0X40* T cells.
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To quantify these trends, we performed region-of-interest
(ROI) analysis of multiple organs visualized on PET images as
well as ex vivo biodistribution analysis. ROI analysis on day 2
revealed a distinct pattern of organ uptake in CpG-treated mice
compared with that in vehicle-treated controls (Figure 4A). More-
over, unsupervised hierarchical clustering could accurately dis-
tinguish these 2 groups on the basis of their uptake signatures
(Supplemental Figure 9A). Notably, we observed a greater accu-
mulation of the tracer in CpG-treated tumors (10.29% * 0.74 %
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Figure 4. Quantitative Immuno-PET tracer pharmacokinetics and biodistribution. (A) Early (day 2) post-therapy %Cu-DOTA-AbOX40 uptake profile (fold
change: % ID/g ROI/% 1D/g muscle; no PVC) in CpG-treated (n = 7) versus vehicle-treated (Veh) (n = 7) mice 24 hours after injection (100 pCi). Sp, spleen;
Ax, axillary LN; Pop, popliteal LN; Ing, inguinal LN; Mus, muscle; Br, brain. Two distinct clusters of image biomarkers, labeled 1and 2, were identified from
unsupervised hierarchical clustering. (B) *Cu-DOTA-AbOX40 pharmacokinetic uptake and clearance (% ID/g) in CpG-treated (n = 3) versus vehicle-treated
(n = 3) mouse cohorts 2, 16, and 24 hours after injection (p.i.). (C) Early (day 2) *Cu-DOTA-AbOX40 biodistribution (BIOD) uptake (% 1D/g) in treated tumors
versus untreated tumors and background muscle. (D) Early (day 2) ®Cu-DOTA-AbOX40 biodistribution uptake in spleen (% ID/g, % 1D/spleen). (E) Early
(day 2) tumor response (% change in volume) versus day-2 tumor **Cu-DOTA-AbOX40 uptake (% ID/g BIOD). Generalized linear regression was applied.
CpG:y = -10.3x + 115.3, R? = 0.9141; vehicle: y = 22.2x - 541, R? = 0.06; y axis 1: yellow/CpG, y axis 2: blue/vehicle. (F and G) Late (day 9) *“Cu-DOTA-AbOX40
uptake in tumors, spleen, and muscle (% ID/g, % ID/spleen, BIOD). (H) Late (day 9) uptake in left and right axillary LNs of individual CpG- and vehi-
cle-treated mice (% ID/g, BIOD). All values represent the mean + SEM. ****P < 0.0001, **P < 0.01, and *P < 0.05, by 2-way ANOVA with Bonferroni's post

hoc test for multiple comparisons or by Student’s t test.

tumors over a 24-hour period; however, the CpG-treated tumors
exhibited a comparatively greater increase than did vehicle-
treated tumors (P < 0.05). In contrast to the accumulation
observed in tumors, the radiotracer showed clearance from the
heart, liver, and kidneys, with no significant difference in clear-
ance from these tissues between the 2 groups.

injected dose per gram [ID/g], P < 0.0001) and associated TDLNs
(12.92% * 1.15% ID/g) versus that detected in vehicle-treated
tumors (Figure 4A and Supplemental Figure 9B). To better under-
stand the pharmacokinetics of **Cu-DOTA-AbOX40, PET signals
at key sites were plotted over time (Figure 4B). Following admin-
istration, we observed that the radiotracer accumulated in all
Number6  June 2018
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Figure 5. Imaging- and blood-based correlates of response to in situ tumor
vaccination with CpG. (A) Correlelogram of top hits determined by signifi-
cance analysis of microarrays from a Luminex 38 plex cytokine assay (fold
change; MFI/control) and Immuno-PET imaging ROIs (fold change; % ID/g
ROI/muscle) with tumor response on day 2: log(fold[tumor volume mm? on
day 2/tumor volume mm? on day 0]). Color scale and circle size both rep-
resent Pearson’s correlation coefficients. Large yellow circle (-1) indicates
perfect inverse correlation; no circle (0) indicates no correlation; large blue
circle (1) indicates perfect correlation. (B) Univariate regression of day-9
tumor response versus day-2 tumor response according to anatomical mea-
surements. (C) Univariate regression of day-9 tumor response versus day-2
tumor tracer uptake (% 1D/g). Blue line indicates vehicle-only fit; yellow line
indicates CpG-only fit; black dashed line indicates all. (D) Tumor growth ver-
sus time after therapy. Yellow zone designates responders. The cutoff was
determined using unsupervised hierarchical clustering. (E) Unsupervised
hierarchical clustering and model visualization of the k-means nearest-
centroid classifier. Lines indicate predictions; circles indicate truth.
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Ex vivo analysis of tissues on day 2 also corroborated the imag-
ing data (Supplemental Figure 9, B and C). We observed a significant
increase in radioactivity between treated tumors in the experimental
versus the vehicle-treated groups (P < 0.01), with no significant dif-
ferences in the distal untreated tumors between the 2 groups (Figure
4C). Differences observed between groups appeared to be local at
this time point, with no splenic involvement (Figure 4D). Blocking
with a cold Ab significantly reduced **Cu-DOTA-AbOX40 uptake
in the CpG-treated tumors as well as in the TDLNSs, in this case,
the axillary LNs (AX LN, Supplemental Figure 9B), confirming the
specificity of the PET signal for OX40. We observed a strong inverse
correlation between tumor response (measured as a decrease in
tumor volume) and tracer uptake in tumors on day 2 (Figure 4E).

On day 9, however, we found that tracer uptake was no lon-
ger increased in the CpG-treated tumors relative to the vehicle-
treated tumors, while the spleens of the experimental group
showed a significant increase in tracer accumulation compared
with that in the vehicle-treated group (Figure 4, F and G). The sig-
nal in the CpG-treated TDLNs (Left Ax, Figure 4H) showed per-
sistent enhancement, and, as before, only rarely tracer accumu-
lation enhanced in the nontreated TDLNs (Right Ax, Figure 4H).

To thoroughly test the specificity of our imaging agent, we used
additional controls (Supplemental Figure 9, D and E). For example,
in 1 experiment, we injected a nonradiolabeled isotype control Ab
prior to radiotracer administration in order to rule out nonspecific
uptake of the radiotracer resulting from Fc receptor upregulation
in response to CpG treatment. The lack of blocking in the CpG-
treated tumors of mice pretreated with the isotype control demon-
strates that Fc receptors do not contribute significantly to tracer
binding in the tumor and TDLN and that the tracer accumulation
occurs principally through engagement with OX40. In a separate
experiment, we treated an OX40-KO melanoma tumor-bearing
mouse model with the same vaccine strategy. Unlike OX40 WT
mice, which showed a statistically significant 1.4- to 1.5-fold
increase (P < 0.05) in tracer uptake in CpG-treated versus dis-
tal untreated tumors, OX40-KO mice failed to show this trend,
despite responding to the CpG therapy (Supplemental Figure 9E).

Classification and prediction of tumor response to in situ vaccina-
tion using in vivo OX40 imaging biomarkers. Having established that
%4Cu-DOTA-AbOX40 could report on activated T cell immune
responses with high sensitivity and specificity, our final goal was
to compare and contrast the ability of blood- and image-derived
biomarkers to monitor and predict tumor response. We there-
fore performed profiling of blood cytokines and image ROIs to
identify biomarkers that correlate with tumor response (Figure
5A). Individual cytokines and cytokine sets showed weak correla-
tion with tumor response (Table 1), whereas imaging biomarkers
alone showed an improved correlation. Incorporating multiple
PET imaging biomarkers into our generalized linear regression
model yielded a statistically significant correlation with therapeu-
tic response (R? = 0.674, P = 8.425 x 107 (Table 1).

We further set out to determine whether early (day 2) Immuno-
PET images could provide insight into a late (day 9) therapeutic
response. Anatomical measurements revealed that an early tumor
response to CpG was not a strong predictor of a late therapeutic
response (R? = 0.40, P = 0.18), with some tumors showing initial
regression followed by growth and others presenting with pseudo-
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Table 1. Correlates of early tumor response

PET (n=28) Luminex (n = 12)
Model Multi GLM Mul GLM
y log(d2/d0 mm?) log(d2/d0 mm?)
x], %2, %3 .. See legend See legend
Res. standard error 0.162 0127
Degrees of freedom 22 7
R? 0.674 0.405
P value 8.425x10° 0.393

Multi GLM, multivariate general linear regression model. PET predictors x1,
x2, x3: TDLN normalized to tumor size (mean % ID/g: mm?3), tumor (mean
% ID/g), axillary LN (mean % ID/g), inguinal LN (mean % ID/g), popliteal
LN (mean % ID/g). Luminex predictors x1, x2, x3: IFN-y, MIP1B, IL-12p70,
MCP1 (n = number of tumors).

progression (Figure 5B and Table 2). On the other hand, we found
that early Immuno-PET tracer uptake in tumors was strongly
correlated with a late therapeutic response in CpG-treated mice
(R?=0.76, P = 0.02) (Figure 5C and Table 2). Given the large dis-
crepancies in tumor volumes between CpG- and vehicle-treated
cohorts, we initially considered them independently. As expect-
ed, vehicle-treated mice showed a correlation between early and
late anatomical measurements (R? = 0.74, P = 0.11), while early
Immuno-PET tracer uptake in tumors did not correlate with a
late response (R? = 0.23, P = 0.33). Incorporating multiple 0X40
image-derived biomarkers into our linear regression provided us
with a robust general model (R? = 0.74, P = 0.08) with which to
assess the response, independent of the treatment cohort.

Finally, we sought to determine whether our Immuno-PET
images could enable accurate classification of therapeutic
responders versus nonresponders. We stratified mice into 2
response groups with the help of unsupervised hierarchical clus-
tering (Figure 5D). We built a simple k-means classifier based on
our imaging biomarkers, which we had previously identified to
correlate well with a therapeutic response (Figure 5E). We trained
the classifier on a subset of mice (n = 16) and tested the classifier
on all cohorts of mice included in our study (n = 46). The model
performed well, with 83% accuracy, 82% specificity, and 85%
sensitivity in the total cohort (Table 3). Overall, we view this as an
initial and promising proof of principle that OX40 Immuno-PET
image-derived biomarkers can not only monitor, but also classity,
responders at early time points following therapy.

Table 2. Predictors of late tumor response

Anatomical (n1=12)  PET(n=12) PET (n=12)
Model Uni GLM Uni GLM Multi GLM
Vehicle (R?/P value) 0.74/01m 0.23/0.33 NA
CpG (R%/P value) 0.40/0.18 0.76/0.02 NA
All (R2/P value) 0.34/0.05 0.39/0.03 0.74/0.08

Correlation coefficient R? and P values for model fits. Uni GLM, univariate
general linear regression model. n = number of tumors.
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Discussion

Given the relative ease of Immuno-PET tracer development, it
is feasible to build a clinical toolbox of tracers useful for predict-
ing and monitoring responses to different cancer immunother-
apies. Here, we highlight the development cycle starting from
biomarker identification (OX40) and tracer development (**Cu-
DOTA-AbOX40) to biomarker characterization and tracer vali-
dation in mouse models treated with immunotherapy. Moreover,
we demonstrate the potential clinical utility of this tracer by illus-
trating its predictive power in therapeutic mouse models, a critical
step often omitted from many preclinical imaging studies.

Asthe field evolves and an imaging toolbox to assess immuno-
therapies is developed, careful biomarker selection is paramount.
Small-molecule tracers, as previously mentioned, have focused on
metabolic pathways that are not immune cell specific. Nucleoside
analogs like ®F-FLT, ¥F-AraC, and ¥F-AraG have all been explored
for immune cell imaging (11, 12, 32). The latter, for instance, has
increased specificity for activated T cells (33) and recently showed
utility in the detection of these cells in murine models of acute
graft versus host disease (GVHD) and arthritis (34). In the context
of cancer, however, with the uptake mechanism of these metabolic
tracers being dependent on elevated levels of nucleoside trans-
porters and DNA salvage pathway enzymes, imaging of tumor-
infiltrating T cells could potentially be confounded by uptake in
certain cancers that exhibit the same features. Meanwhile, previ-
ous Immuno-PET strategies have struggled to demonstrate utility,
because the presence of infiltrating immune cell subsets does not
on its own correlate well with immune response (18). In addition,
while imaging metrics of cell infiltration have been developed,
their use may prove difficult when applied in the clinic, given the
heterogeneity, size, and shape of spontaneous tumors. Imaging
markers that directly reflect the functional status of specific cells
have the potential to be more predictive, provided that expression
profiles of those markers are well characterized and their role
within the context of a particular disease is well understood.

Imaging can be used to help characterize these roles. In
this study, we demonstrate that noninvasive imaging of OX40*
activated T cells has the potential to be a suitable biomarker
of early response in cancer immunotherapy. We also describe
the successful development of an Immuno-PET agent, *Cu-
DOTA-AbOX40, which is capable of detecting OX40 expression
with high sensitivity and specificity. We chose a murine OX40-
specific IgG1, which, upon modification with DOTA, retained
its immune reactivity. Bioconjugation and subsequent radio-
labeling with copper-64 were both easy and reproducible. Cell
culture and in vivo binding of the radiotracer directly correlated
with expression of the biological target, as rigorously charac-
terized by FACS analysis. In our in vivo studies using a murine
dual-tumor site subcutaneous lymphoma model, in which an
intratumoral vaccine of CpG was administered into only 1 of the
tumors, we found that CD4*0X40* T cells played an important
role in the local tumor and TDLNs following vaccination with
in situ CpG. The expansion of this OX40" T cell subset may fur-
ther benefit from combination therapy with an OX40 agonist, as
recently demonstrated by Sagiv-Barfi et al. (35). The authors of
the study also demonstrated that CpG does not increase CTLA-
4 or PD-1 expression and that an OX40 agonist alone signifi-
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Table 3. Classification of responders versus nonresponders

Train (n = 16) Test (n = 30) Total (n = 46)
Model k-means k-means k-means
Accuracy 0.938 0.767 0.826
Sensitivity 0.90 0.71 0.85
Specificity 1.00 0.78 0.82

Accuracy, sensitivity, and specificity of training (n = 16), testing (n = 30),
and total (n = 46) included in the study. n = number of tumors.

cantly boosts therapeutic efficacy and leads to complete tumor
eradication (35). More recent work has shown that the timing
of PD-1 administration can either aid or impair treatment with
0X40 (36). As demonstrated here, Immuno-PET can provide
insight into these spatiotemporal dynamics and help drive ratio-
nal drug development and combination strategies.

To realize the full power of Immuno-PET and improve clin-
ical decision making, image-derived biomarkers should ideally
be combined with other blood-based biomarkers and genetic
tests. Utilizing multiple image-derived biomarkers is especially
important when imaging an immune response, in which sites
such as LNs and spleen can provide additional clues to a patient’s
therapeutic response. The classifier used in this work is only
a simple proof of concept, and we plan to test support vector
machines and other approaches to determine whether we can
further refine the outcome. Blood-based biomarkers performed
poorly in the context of monitoring multiple lesions. By contrast,
the whole-body spatial information that imaging provides is
especially important when utilizing in situ approaches, in which
the optimal follow-up may warrant injection into nonresponding
sites. Integrating blood, tissue biopsy, and imaging assays with
improvements in computational and statistical learning algo-
rithms represents a powerful diagnostic and prognostic patient
management approach.

Our data identify OX40 as a highly promising biomarker for
imaging-activated T cells in vivo, with OX40 Immuno-PET repre-
senting a readily translatable strategy that can be integrated into
the clinical workflow to aid the prediction of response, possibly
much earlier than current methods allow. The murine Ab imag-
ing strategy described here can be readily adapted to human Abs
against OX40 that are being used for therapy for OX40 imag-
ing in the clinic. The potential of this strategy could also extend
beyond immunotherapies, with utility in a number of T cell-driv-
en disease indications such as multiple sclerosis (37) and GVHD
(38, 39), in which expression of this marker has been reported.
Immuno-PET strategies will further benefit from the development
of second-generation agents such as engineered binders that have
improved pharmacokinetic properties (e.g., faster blood clearance,
lower hepatic accumulation) and are compatible with shorter-
lived isotopes, allowing one to image soon after administering the
tracer and achieve a higher signal-to-background ratio. We are
currently pursuing these other avenues to address the breadth of
possible applications in a number of disease models. Given the
promise shown in these preclinical studies, we have started on the
clinical translation of 0X40 Immuno-PET.
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Methods

Study design. The primary objective of this study was to develop an
imaging agent (**Cu-DOTA-AbOX40) to noninvasively measure OX40
expression with PET imaging in a dual-tumor mouse model treated
with an in situ adjuvant vaccine. Mice with dual A20 tumors were size
matched before treatment initiation and received either CpG or vehicle
in the left shoulder tumor alone. Tumor volumes of both treated and
distal untreated tumors were measured periodically in mice from both
treatment groups to monitor the treatment response. Five to seven mice
per treatment group were used for PET evaluation of OX40 expression at
early and late time points after treatment initiation. Additionally, at the
same time points, a separate cohort was analyzed by FACS to evaluate
0X40 expression and by Luminex assay for the measurement of cyto-
kines in the blood. All outliers were included in the analysis, and no data
were excluded. The investigators were not blinded to the results. A mini-
mum of 3 experimental replicates were recorded for all in vitro data. Sim-
ple or multiple linear regression models were used to assess the correla-
tion of biomarkers with outcomes. Unsupervised hierarchical clustering
was used to assign group labels (i.e., responder and nonresponder) on the
basis of tumor growth curves. A k-means nearest-centroid approach was
used to classify tumors on the basis of imaging biomarkers.

DOTA conjugation and conjugate characterization. 0X40-DOTA
conjugation was performed with DOTA-NHS (Macrocyclics) using
previously described established protocols (40). Briefly, DOTA
conjugation was first optimized using the murine OX40 mAb
(clone OX86; BioXcell) resuspended in PBS at 0.5 mg/ml and then
buffer exchanged into metal-free HEPES buffer (pH 8.8), followed
by incubation overnight at 4°C with a 5-, 10-, or 15-fold excess of
DOTA-NHS. The reactions were quenched with Tris buffer, buf-
fer exchanged into metal-free water to remove excess DOTA-
NHS, and concentrated. An aliquot of this solution was set aside
for matrix-assisted laser desorption ionization-time-of-flight
mass spectometry (MALDI-TOF) analysis along with a sample of
unconjugated OX40 Ab to characterize the average number of
chelators per Ab molecule. Briefly, the mean DOTA/mAb ratio was
determined by calculating the change in mass seen with MALDI
using the AB Sciex 5800 TOF/TOF machine (AB Sciex) equipped
with a CovalX high-mass detector, divided by the mass of a sin-
gle DOTA substituent. An average ratio of 1:3 DOTAs per Ab was
achieved for the 5-fold excess DOTA reaction and used for all sub-
sequent conjugation reactions. Following MALDI, the solution of
DOTA-0X40 mAb was buffer exchanged into ammonium acetate
buffer (0.1 M, pH 5.5) for copper-64 labeling. DOTA-conjugate
solutions were concentrated using ammonium acetate by ultrafiltra-
tion (2 ml; Vivaspin; Sartorius) to 2 to 3 mg/ml and stored at 4°C prior
to radiolabeling.

Radiolabeling studies. Standard procedures were used to radio-
label OX40-DOTA with 64CuCl2 (University of Wisconsin, Madison,
Wisconsin, USA) (40). 4Cu-DOTA-AbOX40 was produced with a spe-
cific activity of 5 to 10 uCi/pg, with high radiochemical purity (>99%)
and labeling efficiency of 60% to 75%, as determined by thin-layer
chromatography (TLC). Radio-HPLC was performed to corroborate
labeling of the Ab. The final formulation was made up in PBS (0.1 mol/
1 NaCl, 0.05 M sodium phosphate, pH 7.4).

In brief, DOTA-OX40-mAb (100 pg) in 0.25 mol/l ammonium
acetate buffer (0.1 M, pH 5.5) was mixed with pH-balanced **CuCl,
solution (37 MBq, pH 5.0-5.5; University of Wisconsin) at 37°C with
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gentle shaking at 300 rpm. After a 60-minute incubation period, 0.1
M EDTA (0.5 M, pH 8.0) was added to a final concentration of 0.01
M and incubated at room temperature for 15 minutes to scavenge
unchelated ¢“CuCl, in the reaction mixture. Purification of *Cu-
DOTA-OX40-mAb was achieved by G25 Sephadex size-exclusion
purification (NAP-5 column). Radiochemical purity was determined by
instant TLC with TEC-Control Chromatography Strips (Biodex Med-
ical Systems) developed in saline, followed by size-exclusion liquid
chromatography with a Phenomenex SEC 3000 column with sodium
phosphate buffer (0.1 mol/l, pH 6.8) at a flow rate of 1.0 ml/min.

In situ vaccine mouse model. Six- to eight-week-old female BALB/c
mice were purchased from Charles River Laboratories. A20 cells (10
x 10°) were implanted subcutaneously into the left and right shoul-
ders. Once tumors had grown to approximately 60 to 80 mm?® in size,
mice were treated in their left shoulder tumor with either 50 pg CpG
(SD101 oligonucleotide; Dynavax Technologies) or 50 ul PBS. Mice in
the control group received a 50-pl injection of PBS into the left shoul-
der tumor. Two days after treatment initiation (early therapy time
point), the mice were subjected to PET imaging, FACS, or Luminex
analysis. A separate cohort of mice also underwent 2 repetitions of
the same intratumoral vaccines on days 2 and 4 after the first treat-
ment. These mice were also used for PET imaging, FACS, or Luminex
analysis on day 9 after administration of the first treatment (late ther-
apy time point).

Small animal PET-CT, biodistribution studies, and image analysis.
Small animal PET-CT was performed using a previously reported
protocol (40). Mice were anesthetized using isoflurane gas (2.0%-
3.0% for induction and 1.5%-2.5% for maintenance). **Cu-DOTA-
AbOX40 (80-110 pCi) was administered intravenously via the
tail vein 24 hours after intratumoral injections. Two types of block-
ing studies were performed: (a) Anti-mouse OX40 mAb (100 pg;
BioXCell) was administered intravenously 30 minutes before radio-
tracer administration (n = 3 CpG-treated mice); and (b) a separate
cohort of mice (n = 4 per treatment group) received anti-HRP rat
IgG1 isotype control (100 pg; BioXCell) 15 minutes prior to radio-
tracer administration to further demonstrate specificity of the probe
and rule out the contribution of the radiotracer binding to Fc recep-
tors rather than to the OX40 target, since CpG treatment leads to
increased Fc receptor expression (41).

Static PET scans (10-min) were acquired 4, 16, and 24 hours after
%4Cu-DOTA-AbOX40 administration. CT images were acquired just
before each PET scan to provide an anatomic reference for and atten-
uation correction of the PET data. Following completion of the scan
24 hours after tracer administration, biodistribution studies were per-
formed to measure blood- and tissue-associated radioactivity. Briefly,
blood was collected via cardiac puncture, and various tissues includ-
ing left (treated) and right (untreated) tumors, left and right TDLNs,
inguinal LNs, kidney, liver, lung, muscle, bone, and spleen were col-
lected and weighed, and radioactivity was measured using an auto-
mated gamma counter (Cobra II; Packard). Radioactivity was decay
corrected to the time of radiotracer injection using diluted aliquots of
the initial administered dose as standards. Data are expressed as a per-
centage of the injected dose per gram of tissue (% ID/g).

All PET images were reconstructed using 2 iterations of a
3D ordered subsets expectation maximization algorithm (12
subsets) and 18 iterations of the accelerated version of 3D-MAP
(i.e., FASTMAP), with a matrix size of 128 x 128 x 159. Attenu-
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ation correction was applied to the data set from the CT image.
For quantitation, PET images were coregistered with CT images
to generate fused images using Inveon Research Workplace (IRW)
image analysis software, version 4.0 (Siemens). The PET images
were analyzed with IRW software, version 4.0. The CT images
were used to guide the drawing of 3D ROIs around the left and
right tumors, TDLNs, muscle, kidney, and liver. The percentage
of injected dose per gram was calculated for each ROI. Partial vol-
ume correction (PVC) was not applied.

To analyze the pharmacokinetics of *Cu-DOTA-AbOX40, ROIs
were drawn over key sites — tumor, heart, liver, and kidney — in the
scans acquired for both treatment groups 4, 16, and 24 hours after
tracer administration. PET signal (% ID/g) for these key sites were
plotted over time to observe accumulation or clearance.

Statistics. General statistical analyses were performed using
GraphPad Prism 5.0 (GraphPad Software). An unpaired, 2-tailed Stu-
dent’s ¢ test, 1-way ANOVA, or 2-way ANOVA was used for column,
multiple column, and group analyses, respectively. A Bonferroni’s
post test was applied when appropriate to correct for multiple com-
parisons. P values of less than 0.05 were considered statistically sig-
nificant. Simple linear regression models were generated in Graph-
Pad Prism, while multiple linear regressions were performed in R.
Pearson’s correlation coefficients and P values were calculated and
reported for all model fits.

Study approval. All procedures performed on animals were
approved by the IACUC of Stanford University and were in accor-
dance with NIH guidelines for the humane care of laboratory animals.
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