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Abstract
Background  Immune-positron emission tomography (PET) imaging with tracers that target CD8 and granzyme 
B has shown promise in predicting the therapeutic response following immune checkpoint blockade (ICB) in 
immunologically “hot” tumors. However, immune dynamics in the low T-cell infiltrating “cold” tumor immune 
microenvironment during ICB remain poorly understood. This study uses molecular imaging to evaluate changes in 
CD4 + T cells and CD8 + T cells during ICB in breast cancer models and examines biomarkers of response.

Methods  [89Zr]Zr-DFO-CD4 and [89Zr]Zr-DFO-CD8 radiotracers were used to quantify changes in intratumoral 
and splenic CD4 T cells and CD8 T cells in response to ICB treatment in 4T1 and MMTV-HER2 mouse models, which 
represent immunologically “cold” tumors. A correlation between PET quantification metrics and long-term anti-tumor 
response was observed. Further biological validation was obtained by autoradiography and immunofluorescence.

Results  Following ICB treatment, an increase in the CD8-specific PET signal was observed within 6 days, and 
an increase in the CD4-specific PET signal was observed within 2 days in tumors that eventually responded to 
immunotherapy, while no significant differences in CD4 or CD8 were found at the baseline of treatment that 
differentiated responders from nonresponders. Furthermore, mice whose tumors responded to ICB had a lower CD8 
PET signal in the spleen and a higher CD4 PET signal in the spleen compared to non-responders. Intratumoral spatial 
heterogeneity of the CD8 and CD4-specific PET signals was lower in responders compared to non-responders. Finally, 
PET imaging, autoradiography, and immunofluorescence signals were correlated when comparing in vivo imaging to 
ex vivo validations.
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Background
Immune checkpoint blockade (ICB) is used clinically to 
treat a diverse range of cancers, including breast cancer 
[1, 2]. The efficacy of ICB in breast cancer varies greatly, 
with only a small percentage of patients experienc-
ing durable and impactful responses [3]. Recent studies 
have highlighted the important role of tumor-infiltrating 
lymphocytes (TILs), specifically CD8 + cytotoxic T cells 
and CD4 + T cells, in the ICB treatment response [4, 5]. 
Therefore, monitoring of TIL populations, their distri-
bution, and activation [6] can help predict the efficacy 
of ICB treatment [7] and understand variations in the 
anti-tumor response. Non-invasive positron emission 
tomography (PET) imaging that targets TILs has shown 
promise in predicting clinical outcomes of ICB, with 
increased accumulation of CD8 + T cells as a predictor 
of tumor regression [8]. While CD8 + T cells have been 
a main focus in the development of predictive markers, 
there is mounting evidence that highlights the role of 
CD4 + T cells in the efficacy of ICB [9]. PD-1 blockade 
targets exhausted intratumoral CD4 + cells and restores 
their helper activity [10]. This results in a systemically 
elevated CD4 T cell population, linked to better clinical 
efficacy in PD-L1/PD-1 blockade therapies [11]. How-
ever, the potential of PET imaging to target CD4 + T cells 
as a predictor of the response to ICB and monitor the 
efficacy of treatment remains to be shown.

Breast cancer is traditionally considered an immuno-
logically “cold” tumor, with limited T cell infiltration [2]. 
Some subtypes of breast cancer, such as triple-negative 
breast cancer (TNBC), show relatively large numbers of 
TILs; however, overall response rates to ICB in TNBC 
remain low [12]. In unselected TNBC patients, the 
response rates of anti-PD1 treatment are 10% and only 
slightly increase to 20–30% when patients are selected 
based on immunohistochemistry (IHC)-confirmed 
expression of PD-L1+ [12]. Current preclinical studies 
have shown a strong relationship between the presence 
or the activation of TILs (e.g., Granzyme B level), evalu-
ated via PET imaging (e.g., GZP-PET [6]), and ICB effi-
cacy. However, these studies have mostly concentrated on 
models characterized by an immunologically “hot” tumor 
microenvironment, such as colon cancer [6, 13], defined 
by the presence of large numbers of TILs. Many immuno-
logically “cold” tumors will be selected in a clinical setting 

as candidates for immunotherapy. Therefore, it is impor-
tant to understand how monitoring longitudinal changes 
in TILs utilizing PET imaging in immunologically “cold” 
tumors can predict the efficacy of ICB treatment.

Intratumoral and systemic numbers of immune cell 
populations and levels of protein expression are typically 
determined by tumor biopsies or sampling of periph-
eral blood [14]. These more conventional assays have 
shown wide variations in the immune profiles of tumors 
post-therapy with transient changes in the numbers of 
CD8 + and CD4 + T cells [4, 7]. PET imaging provides a 
powerful, non-invasive method to measure cell metabo-
lism, cell proliferation, or protein expression in real-time 
[15–17]. PET imaging of the entire animal can reduce the 
bias of spatial heterogeneity inherent in biopsy samples. 
Longitudinal monitoring of immune cell trafficking and 
infiltration can provide information on both the pres-
ence of T cells at baseline and on the immunological 
changes in response to therapy. ImmunoPET imaging 
of CD4 + and CD8 + T cells can quantify the relationship 
between the response to ICB and intratumoral hetero-
geneity in the distribution of TILs. Previous studies have 
established a correlation between the intratumoral het-
erogeneity of CD8 T cell distribution and response to ICB 
in immunologically “hot” tumors, with a heterogeneous 
distribution of PET signal within the tumor considered 
an indicator of poor outcomes [18]. However, considering 
the low levels of TILs in immunologically “cold” tumors, 
the question remains of whether spatial heterogeneity in 
the intratumoral distribution of CD4 + and CD8 + T cells 
can be a useful indicator to predict the efficacy of ICB 
treatment.

This study investigates the potential of non-invasive 
immunoPET imaging to be used as a predictive tool to 
assess the response to ICB treatment in immunologically 
“cold” breast tumors. By assessing the dynamics and het-
erogeneity in the distribution of CD4 + and CD8 + TILs, 
we aim to study the relationship between TILs and 
treatment outcomes. This research should help improve 
patient selection as well as the development of personal-
ized approaches for ICB therapy in breast cancer.

Conclusions  CD4- and CD8-specific immuno-PET imaging can be used to characterize the in vivo distribution of 
CD4 + and CD8 + T cells in response to immune checkpoint blockade. Imaging metrics that describe the overall 
levels and distribution of CD8 + T cells and CD4 + T cells can provide insight into immunological alterations, predict 
biomarkers of response to immunotherapy, and guide clinical decision-making in those tumors where the kinetics of 
the response differ.

Keywords  89Zr, MMTV-HER2, 4T1, PD-1, CTLA4, Spleen, Positron emission tomography, ImmunoPET, Spatial 
heterogeneity
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Materials and methods
Cell culture and mouse models
4T1 cells were purchased from ATCC (catalog number: 
CRL-2539-LUC2) and cultured in Roswell Park Memorial 
Institute (RPMI) 1640 Medium (Fisher, 11-875-119) with 
10% (v/v) Fetal Bovine Serum (FBS) and 1% (v/v) L-glu-
tamine. 2 × 105 4T1 cells were injected in the 1st mam-
mary fat pad of 6-week-old female Balb/c mice (N = 80). 
MMTV-HER2 tumors (N = 80) were generated as previ-
ously reported [19]. Fresh tumor chunks (2–3 pieces per 
mouse at 1mm3) in 50µL Matrigel were transplanted into 
the 1st mammary fat pad of FVB mice (female, 5–6 weeks 
old, implanted with estrogen pellet 24  h before tumor 
implantation). Tumor volumes were measured every 2–3 
days with a caliper. Tumor volumes were calculated using 
the formula: V = 1

6
π
(
shortdiameter

2

)2
(longdiameter). Ani-

mals entered the experiment when their tumor volume 
reached 50–150 mm3. Saline (N=4 per group), α-PD1 
(InVivoMab, BE0146; 200 µg per mouse, N=12 per group), 
α-CTLA4 (InVivoMab, BE0164; 200 µg per mouse, N = 12 
per group) or the combination of α-PD1 and α-CTLA4 
(N = 12 per group) were i.v. injected at treatment days 0, 
3, and 6. Based on the tumor mass at the final time point, 
tumors were assigned to the responder or non-responder 
groups using the control tumor mass as a threshold. The 
threshold for responding tumors was defined as tumors 
with a tumor mass less than the control tumors’ mean 
mass minus the standard deviation (< mean-SD) at the 
terminal time point. All animal housing and procedures 
were conducted under the guidelines provided by the 
Institutional Animal Care and Use Committee of The 
University of Alabama at Birmingham.

[89Zr]Zr-DFO-CD4 and [89Zr]Zr-DFO-CD8 PET/ computed 
tomography (CT) imaging
Mouse anti-CD4 (Df-IAB46; ImaginAb) and anti-CD8 
(Df-IAB42; ImaginAb) minibodies conjugated with def-
eroxamine (DFO) chelators were labeled with [89Zr] at 
0.37 MBq/µg at 37oC for 1  h (pH 6.8–7.2). The radio-
chemical yield (RCY) was assessed via instant thin-layer 
chromatography (iTLC), with 50 mM DTPA serving as 
the developing solution. RCYs ≥ 95% in chromatography 
were deemed suitable for in vivo studies without addi-
tional purification. For yields lower than 95%, the radio-
tracer underwent purification using Zeba spin desalting 
columns (Thermo Scientific, 89,877) to attain radio-
chemical purity (RCP) ≥ 95%. For long-term experiments, 
3.7 ± 0.19 MBq (10 ± 0.5  µg) of radiotracer was injected 
into mice via the retro-orbital sinus with static PET scans 
conducted at 24  h, 72  h, and 7 days post-injection with 
a preclinical GNEXT small animal PET/CT machine 
(Sofie Biosciences, Dulles, VA) for 20, 30, 40 min, respec-
tively. For blocking, biodistribution, and autoradiography 
experiments, 1.85 ± 0.19 MBq (5 ± 0.5  µg) of radiotracer 

was injected intravenously and PET imaging was con-
ducted 24  h post-injection. A CT scan was acquired 
following the acquisition of the PET signal to obtain an 
anatomical reference. Regions of interest (ROIs) around 
the tumor, contralateral muscle, heart, and spleen were 
drawn manually using the CT scan for guidance, and 
data was analyzed with VivoQuant software (Invicro, 
Boston, MA). The standard uptake value was calculated 
using SUV = C

dose/weight , where C  was defined as the tis-
sue radioactivity concentration, dose as the administered 
dose calibrated to imaging time for isotope decay (all 
images were acquired at the same settings), and weight 
as the mouse body weight. The SUVmean represents the 
average SUV within the ROI, while the SUVpeak denotes 
the maximum average SUV within a small, fixed-size ROI 
consisting of 27 voxels. Quantification of tissue heteroge-
neity was performed by identifying regions of peak con-
centration from the tumor PET signal with an automated 
MATLAB R2022 (Mathworks, Natick, MA) adopted 
from previously published work [20]. A mask of regional 
peaks for each tumor PET slice was identified and the 
numbers of peaks were quantified as 3D volumetric 
objects to provide a quantitative approach to assess spa-
tial heterogeneity (code available upon request).

Blocking and biodistribution experiments
FVB mice (N = 16) were randomly assigned into four 
groups: CD4 imaging agent, CD4 imaging agent + block-
ing, CD8 imaging agent, and CD8 imaging agent + block-
ing. Each mouse received an i.v. injection of ∼ 5  µg of 
radiolabeled CD4 or CD8 minibody and underwent PET 
imaging 24 h later. 50 µg of unlabeled CD4 or CD8 mini-
body was used as a blocking agent and co-injected with 
the radiotracer. Organs and blood were collected imme-
diately after PET for biodistribution.

Autoradiography
4T1 tumor-bearing Balb/c mice were randomly assigned 
into four groups: CD4-PET with saline treatment, CD4-
PET with α-PD1 + α-CTLA4 treatment, CD8-PET with 
saline treatment, and CD8-PET with α-PD1 + α-CTLA4 
treatment. Mice received treatments (saline or 200  µg 
α-PD1 + 200 µg α-CTLA4) via i.v. injection at 7-, 10-, and 
13-days post-tumor injection. Radiotracer was injected 
at 13 days post-tumor injection. PET imaging and tissue 
collection were performed 24  h post-radiotracer injec-
tion. Tumors were fixed in 10% formalin overnight, cut 
into 1 mm-thick slices, and subjected to autoradiography 
with film exposure for three hours and image acquisition 
using the Typhoon Biomolecular Imager. Quantification 
of radiotracer uptake in tissue was quantified with 1 nCi, 
2 nCi, and 10 nCi radiotracer standards for reference 
(VivoQuant software, Invicro, Boston, MA).
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Immunofluorescence (IF) staining
IF staining was performed as described [21]. Briefly, 
paraffin-embedded tumors were sectioned as 5  μm 
slides and dewaxed with xylene. Citrate buffer (Abcam, 
ab93678) was used for antigen retrieval. Tissues were 
blocked with 1% BSA and 0.02% milk in PBS with 0.03% 
Triton X100 for 1 h at room temperature. Primary anti-
body anti-CD4 (Fisher, BDB553647) or anti-CD8 (Fisher, 
BDB558733) were applied overnight at 4oC. Fluorescein 
isothiocyanate (FITC) conjugated donkey anti-rat-IgG 
antibody was used as a secondary antibody and incu-
bated for 1  h at room temperature. Finally, slides were 
mounted with DAPI mounting media (SouthernBiotech, 
0100 − 20). High-resolution 20x images were acquired 
(EVOS M7000 Imaging System, Thermo Fisher Scientific, 
Waltham, MA) and CD4 + or CD8 + cells were quantified 
as previously reported (MATLAB) [21].

Statical analysis
Unpaired T test was used in Figs. 2, 3 and 4C, K, E-F and 
M-N, and 5. One-way ANOVA with Bonferroni correc-
tion was used in Figs. 1D and J and 4B, and 4J. Two-way 
ANOVA with Tukey post hoc test was used in Fig. 1E-G 
and K-M, and the Pearson correlation test was used 
in Fig.  4D, G-H and L, and 4O-P. non-significance (ns), 
p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Results
“Cold” tumors showed a variable response to ICB therapy
To examine the response to ICB in “cold” tumors, 
MMTV-HER2 (HER2 + breast cancer) and 4T1 (TNBC) 
tumors were treated with α-PD1, α-CTLA4, or a com-
bination. Both models have relatively few infiltrating T 
cells in the naïve tumor microenvironment [22, 23] and 
respond similarly [22] to ICB in breast cancer patients 
as clinically documented (clinical benefit rate of ∼ 20%) 
[24]. The experimental timeline is depicted in Fig.  1A. 
Tumor growth curves (MMTV-HER2, Fig.  1B; 4T1, 
Fig. 1H) showed no significant differences between treat-
ment groups. However, a heterogeneous departure from 
the baseline was seen, particularly in the ICB-treated 
groups. The tumor mass at necropsy varied signifi-
cantly in the ICB-treated groups, with the highest varia-
tions in the combination treatment group (Fig.  1C, I). 
Mice in the ICB treatment groups were categorized as 
non-responders and partial responders (referred to as 
responders thereafter) based on tumor mass threshold-
ing at the terminal time point (see the thresholding in the 
methods section) (Fig. 1D, J). Stratifying responders and 
non-responders based on terminal tumor mass led to sig-
nificant distinctions in tumor volumes for each ICB treat-
ment group (Fig. 1E-G, K-M, p < 0.05).

Changes in the composition of intratumoral CD8 + and 
CD4 + T cells in the immune microenvironment in “cold” 
tumors showed in response to ICB
To evaluate changes in the composition of intratumoral 
CD8 + and CD4 + cells over time during ICB treatment, 
longitudinal [89Zr]Zr-DFO-CD8, and [89Zr]Zr-DFO-CD4 
PET imaging was performed. The specificity of [89Zr]
Zr-DFO-CD8 and [89Zr]Zr-DFO-CD4 PET imaging 
was validated by blocking experiments (Supplemental 
Results and Supplemental Fig.  1). In the MMTV-HER2 
model, baseline (day 0) intratumoral [89Zr]Zr-DFO-CD8 
SUVmean (Fig.  2A, p = 0.0958) and SUVpeak (Supplemen-
tal Fig. 2C, p = 0.0619) showed a decreasing trend in the 
responder group compared to the non-responder group. 
In the 4T1 model, baseline [89Zr]Zr-DFO-CD8 uptake 
showed no significant differences between respond-
ers and non-responders (Fig.  2E, Supplemental Fig.  2F, 
p > 0.05). Overall, in both models, the ratio of day 6 to day 
0 of SUVmean in responders was significantly higher than 
that in non-responders (Fig.  2B, p < 0.05; 2F, p < 0.01). 
Further, the SUVpeak was reported to be the most reli-
able parameter for [18F]FDG-PET quantification in 
avid glucose tumors [25]. In our study, SUVpeak did not 
show a significant difference Supplemental Fig.  2C & 
2F, p > 0.05), demonstrating the need to incorporate 
information from the entire tumor. Compared to non-
responders, responder groups showed an increase in the 
retention of [89Zr]Zr-DFO-CD8 in both MMTV-HER2 
(Fig. 2C) and 4T1 models (Fig. 2G). For both tumor mod-
els, the combination of α-PD-1 and α-CTLA4 resulted 
in the most significant differences in CD8 signal when 
comparing responders and non-responders. Within the 
combinational treatment group, there was a significant 
increase in CD8-specific PET signal in the MMTV-HER2 
model (Fig. 2D, p < 0.05) and a noticeable trend (increase) 
in the 4T1 model that did not reach significance (Fig. 2H, 
p = 0.07) when comparing the ratio of day 6 to day 0.

Early during ICB treatment (day 2, following one dose 
of ICB), uptake of the CD4 tracer (measured by [89Zr]
Zr-DFO-CD4 SUVmean) was significantly increased in the 
responders compared to non-responders in both mod-
els (Fig.  3B, p < 0.05; 3  F, p < 0.05). However, changes of 
intratumoral [89Zr]Zr-DFO-CD4 SUVmean showed no 
significant differences between responders and non-
responders in both MMTV-HER2 (Fig. 3A, Supplemental 
Fig. 3A, p > 0.05) and 4T1 models (Fig. 3E, Supplemental 
Fig. 3D, p > 0.05). Intratumoral [89Zr]Zr-DFO-CD4 SUV-
peak showed trending increases in the responder tumors 
in the MMTV-HER2 model on day 6, but these did not 
reach statistical significance (Supplemental Fig.  3B, 
p = 0.09). There was a significantly higher [89Zr]Zr-DFO-
CD4 SUVpeak in the responding group in the 4T1 model 
at baseline (Supplemental Fig. 3E, p < 0.05). Further, there 
was increased retention of [89Zr]Zr-DFO-CD4 on day 2 
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Fig. 1  ICB treatment response varies in MMTV-HER2 and 4T1 mouse models. A) Experimental timeline. B) Tumor growth curve of MMTV-HER2 model. 
C) Image of tumors at the end of the experiment in the MMTV-HER2 model. The combinational treatment group showed a trend of decrease in tumor 
mass, yet the decrease was not significant. D) Tumor mass of threshold method in MMTV-HER2 model. E-F) Tumor growth curve after thresholding in 
MMTV-HER2 model. Responders showed significantly decreased tumor volumes. H) Tumor growth curve of 4T1 model. I) Image of tumors at the end of 
the experiment in the 4T1 model. J) Tumor mass of threshold method in the 4T1 model. K-M) Tumor growth curve after thresholding in the 4T1 model. 
N = 80. R was for responders. NR was for non-responders
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Fig. 2 (See legend on next page.)
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in responder groups for both the MMTV-HER2 (Fig. 3C) 
and 4T1 models (Fig.  3G), as shown in representative 
images. For each treatment condition, α-PD1 treatment 
showed a significant increase in intratumoral [89Zr]Zr-
DFO-CD4 SUVpeak on day 2 in the MMTV-HER2 model 
(Supplemental Fig. 3G, p < 0.05), and in the ratio of day 6 
to day 0 of [89Zr]Zr-DFO-CD4 SUVmean in the 4T1 model 
(Fig.  3H, p < 0.01). These findings suggest that α-PD1 
treatment played an important role in the intratumoral 
CD4 + cell population.

Taken together, the intratumoral changes over time of 
CD8-specific PET signal, measured with PET imaging, 
showed that increases in retention of CD8 T cells in the 
tumor were positively correlated with the efficacy of ICB 
treatment. Similarly, the analysis of the CD4 population 
showed that a higher intratumoral presence of CD4 T 
cells two days after one ICB dose was indicative of better 
ICB response.

ICB responders had low spatial heterogeneity of CD4 + and 
CD8 + T cells in the intratumoral microenvironment
Intratumoral spatial heterogeneity of PET signals was 
quantified (an example of image processing was shown 
in Fig.  4A) to assess how the spatial distribution of 
CD4 + and CD8 + T cells affects the response to ICB 
treatment in “cold” tumors. Representative cross-sec-
tional PET images of [89Zr]Zr-DFO-CD8 PET at day 6 in 
the MMTV-HER2 model showed that the non-respond-
ers had more variation in the number of hotspots (high 
SUV spots) compared to responders (Fig.  4B). In the 
quantification of the 3D PET images, responding tumors 
had significantly fewer [89Zr]Zr-DFO-CD8 hotspots than 
non-responders in both MMTV-HER2 (Fig. 4D, p < 0.01) 
and 4T1 model on day 6 (Fig.  4H, p < 0.01). Regarding 
CD4 + T cells, responders had fewer [89Zr]Zr-DFO-CD4 
SUV hotspots in the 4T1 model (Fig. 4J, p < 0.01) and in 
the MMTV-HER2 tumors (Fig.  4F, p = 0.057) on day 6 
compared to non-responders. Moreover, baseline het-
erogeneity in the responding cohort was significantly 
lower in MMTV-HER2 tumors with [89Zr]Zr-DFO-CD8 
(Fig.  4C, p < 0.01) and 4T1 models with [89Zr]Zr-DFO-
CD4 (Fig. 4I, p < 0.05). Alterations from day 0 to day 6 and 
day 2 heterogeneity analysis are seen in supplementary 

Fig. 4. Overall, the decrease in regional hotspots ([89Zr]
Zr-DFO-CD8 and [89Zr]Zr-DFO-CD4) after treatment 
indicated better control of tumor burden.

Changes in the immune microenvironment of “cold” 
tumors correlate with a decrease in splenic CD8 + T cells 
and an expansion of CD4 + T cells
To evaluate systemic changes in the immune microen-
vironment of “cold” tumors, splenic [89Zr]Zr-DFO-CD8 
and [89Zr]Zr-DFO-CD4 uptake and terminal spleen mass 
were quantified. In the MMTV-HER2 model, spleen mass 
was not significantly different across treatment groups 
(Supplemental Fig. 5A-B, p > 0.05). Interestingly, a signifi-
cantly lower spleen mass was observed in tumors respon-
sive to CTLA4 compared to non-responders (Fig. 5A-C, 
p < 0.05). Terminal tumor and spleen mass were posi-
tively correlated in the 4T1 model (Fig.  5D, r = 0.27, 
p = 0.02), suggesting there may be splenic components 
that play important roles in ICB response. Respond-
ing tumors showed a significantly decreased SUVmean 
(ratio of day 6 to day 0) of [89Zr]Zr-DFO-CD8 compared 
to non-responders in the 4T1 model (Fig.  5E, p < 0.05). 
The observed increase in intratumoral CD8 signal and 
the corresponding decrease in splenic CD8 signal, as 
evidenced by the post-to-pre-treatment ratio, suggest 
potential trafficking of CD8 + cells from the spleen to the 
tumor site. Further, splenic CD4 signal (SUVmean on day 
6) was negatively correlated with terminal tumor mass 
(Fig.  5H, r = 0.33, p = 0.04) in the 4T1 model, indicat-
ing that higher spleen CD4 + cell presence was related to 
smaller tumor sizes. These results indicate that decreased 
splenic CD8 + cells and increased splenic CD4 + cells are 
associated with favored ICB treatment outcomes.

Autoradiography and immunofluorescence (IF) staining 
validated the in vivo PET signals for CD8 + and CD4 + T 
cells. Spatial heterogeneity and overall uptake are distinct 
measurements
Representative central slices from PET images and auto-
radiography showed a similar distribution pattern of 
activity (Fig.  6A, B, E, F). Tumors with high SUVmean 
had lower intratumoral heterogeneity (Fig. 6A-D), show-
ing how heterogeneity of signal uptake is independent 

(See figure on previous page.)
Fig. 2  Intratumoral CD8-specific PET signals, [89Zr]Zr-DFO-CD8 SUVmean, increased in tumors that had an effective response to ICB. A) The mean of stan-
dard uptake value (SUVmean) of responders showed a decreasing trend in the MMTV-HER2 model at day 0. B) From day 0 to 6, changes in SUVmean of re-
sponders showed an increase compared to non-responders in the MMTV-HER2 model. Overall, CD8 + cells were retained/infiltrated from day 0 to day 6 in 
MMTV-HER2 tumors that responded to ICB. C) Representative images of [89Zr]Zr-DFO-CD8 PET from day 0 to day 6 in the combinational treatment group 
in the MMTV-HER2 model. Yellow circles indicated tumors. All the images are processed at the same setting and decay corrected to the imaging time. D) 
Day6/day0 intratumoral [89Zr]Zr-DFO-CD8 SUVmean of each treatment group in MMTV-HER2 model. In the combinational treatment group, responders 
had an increase of [89Zr]Zr-DFO-CD8 SUVmean from day 0 to day 6 compared to non-responders. E) [89Zr]Zr-DFO-CD8 SUVmean at day 0 in 4T1 model. No 
significance was found. F) The ratio of day6/day0 of [89Zr]Zr-DFO-CD8 SUVmean in 4T1 model. Overall, CD8 + cells were retained/infiltrated from day 0 to 
day 6 in 4T1 tumors that responded to ICB. G) Representative images of [89Zr]Zr-DFO-CD8 PET from day 0 to day 6 in the combinational treatment group 
in the 4T1 model. Yellow circles indicated tumors. All the images are processed at the same setting and decay corrected to the imaging time. H) Day6/
day0 intratumoral [89Zr]Zr-DFO-CD8 SUVmean of each treatment group in the 4T1 model
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Fig. 3  Intratumoral CD4-specific PET signals, [89Zr]Zr-DFO-CD4 SUVmean, on day 2 increased in ICB responders. A-B) Mean of standard uptake value (SU-
Vmean) at day 0 (A) and 2 (B) in MMTV-HER2 model. Overall, CD4 + cells were increased in the retained/infiltrated population in ICB responders in MMTV-
HER2 model. C) Representative images of [89Zr]Zr-DFO-CD4 PET from day 0 to day 6 in the combinational treatment group in the MMTV-HER2 model. 
Yellow circles indicated tumors. The responders showed a slightly increased [89Zr]Zr-DFO-CD4 signal on day 2. All the images are processed at the same 
setting and decay corrected to the imaging time. D) Day 2 intratumoral [89Zr]Zr-DFO-CD4 SUVmean of each treatment group in MMTV-HER2 model. There 
was a trend of increase in α-PD-1 treated responders in the MMTV-HER2 model. E-F) [89Zr]Zr-DFO-CD4 SUVmean at day 0 (E) and 2 (F) in the 4T1 model. 
On day 2, retained/infiltrated CD4 + cells increased in ICB treatment responders relative to non-responders. E) Representative images of [89Zr]Zr-DFO-CD4 
PET from day 0 to day 6 in the combinational treatment group in the 4T1 model. Yellow circles indicated tumors. The responder group showed a slightly 
increased [89Zr]Zr-DFO-CD4 signal on day 2. All the images are processed at the same setting and decay corrected to the imaging time. F) Day6/day0 
intratumoral [89Zr]Zr-DFO-CD4 SUVmean of each treatment group in the 4T1 model. α-PD-1 treated responders showed a significant increase of [89Zr]Zr-
DFO-CD4 SUVmean. G) Representative images of [89Zr]-CD4 PET from day 0 to day 6 in the combinational treatment group in the 4T1 model. The responder 
showed a slight increase in [89Zr]-CD4 signal on day 2. H) Day6/day0 intratumoral [89Zr]-CD4 SUVmean of each treatment group in 4T1 model. α-PD-1 
treated responders showed a significant increase of [89Zr]-CD4 SUVmean
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of SUV. H&E staining (Fig.  6G-H) showed that [89Zr]
Zr-DFO-CD4 or [89Zr]Zr-DFO-CD8 uptake was in the 
non-necrotic regions of the tumor, indicating there was 
minimal non-specific radiotracer retention caused due 
to tumor necrosis. IF staining (Fig.  6I, J) validates the 

matched positive signal patterns between [89Zr]Zr-DFO-
CD4 or [89Zr]Zr-DFO-CD8 uptake and CD4 or CD8 
staining. Taken together, our study suggests that PET 
imaging can be indicative of the underlying distribution 
of CD4 or CD8 cells.

Fig. 4  The spatial heterogeneity of intratumoral CD4 and CD8 PET signals was reduced in responders. A) Representative images of isolated 3D tumors 
and 2D slices of PET image. B) Representative topographic map of 2D slice PET images. In the MMTV-HER2 model, non-responders showed increased 
peak numbers of [89Zr]Zr-DFO-CD8 uptake compared to responders. C-J) Quantification of regional hotspot numbers in 3D tumors. In both MMTV-HER2 
and 4T1 models, the responders showed decreased regional hotspot numbers of [89Zr]Zr-DFO-CD8 and [89Zr]Zr-DFO-CD4 uptake compared to non-
responders after initiation of ICB (day 6)
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Discussion
Immuno-PET imaging can be a valuable tool for under-
standing the kinetics and spatial heterogeneity of infiltrat-
ing immune cells during immunotherapy by checkpoint 
blockade. Here we monitored intratumoral and splenic 
CD8 + or CD4 + T cells longitudinally in response to ICB 
treatment in immunologically “cold” breast tumors using 
[89Zr]Zr-DFO-CD8 or [89Zr]Zr-DFO-CD4 PET imaging. 
We showed that sustained intratumoral infiltration by 
CD8 + or CD4 + T cells and decreased spatial heterogene-
ity within tumors were associated with better ICB treat-
ment outcomes. These findings are consistent with earlier 
findings based on the analysis of distinct cell populations 
at necropsy and with the results of clinical trials [4, 7, 
10]. While a large CD8 + T cell population at baseline has 
been shown to correlate with better ICB treatment out-
comes in immune-rich environments [26], the respond-
ing immunologically “cold” tumors did not show an 
overall increase in the CD8 signal at baseline. However, 
an evaluation of the spatial heterogeneity of CD4 + and 

CD8 + T cells showed that responders had a less hetero-
geneous distribution of intratumoral CD8 + and CD4 + T 
cells compared to non-responders. Further, this study 
shows that increased CD4 and decreased CD8 signaling 
in the spleen may be predictive biomarkers of response. 
Taken together, these results show differences in the 
kinetics of CD4 + and CD8 + T cell proliferation and traf-
ficking in response to ICB treatment and suggest distinct 
underlying mechanisms to explain the impact of α-PD1 
and α-CTLA4 treatment on immunologically “cold” 
breast tumors.

CD8-PET imaging in immunologically “hot” tumors 
has shown that baseline intratumoral CD8 + T cell pop-
ulations are positively correlated with the efficacy of ICB 
treatment [27]; however, this does not apply to immuno-
logically “cold” tumors. This may be due to differences in 
the tumor microenvironments (TME) as “cold” tumors 
have fewer infiltrating immune cells in a predominately 
suppressive TME, with mostly ‘exhausted’ CD8 + lym-
phocytes [28]. Furthermore, Dammeijer et al. reported 

Fig. 5  The CD8-specific PET signal in the spleen was decreased in responders and the CD4-specific PET signal was positively correlated with the ef-
ficacy of ICB treatment in 4T1 models. A-C) Terminal spleen mass in different ICB treatment groups and responses. ICB (especially α-CTLA4) treatment 
responders showed decreased spleen mass. D) There was a significant correlation between terminal tumor mass and spleen mass (r = 0.2659, p = 0.0202). 
E) There was a significant decrease in splenic [89Zr]Zr-DFO-CD8 in ICB responders compared to non-responders. F) Dynamic changes from day 0 to day 
6 of splenic [89Zr]Zr-DFO-CD8 SUVmean showed a weak trend of correlation with terminal tumor mass (r = 0.0806, p = 0.0841). The less retained splenic 
CD8 + cells indicated a smaller terminal tumor mass and a bigger terminal spleen mass. G) There was a trend of an increase in splenic [89Zr]Zr-DFO-CD4 in 
ICB responders compared to non-responders. H) There was a significant correlation between day 6 [89Zr]Zr-DFO-CD4 SUVmean and terminal tumor mass 
(r = 0.3320, p = 0.0417). The higher CD4 signal in the spleen on treatment day 6 favored a better treatment outcome

 



Page 11 of 15Lu et al. Breast Cancer Research          (2024) 26:104 

that targeting CD8 + T cells only in the draining lymph 
nodes but not within the tumor (where CD8 + T cells are 
exhausted) with α-PD-1 treatment improved CD8 + T 
cell tumor infiltration and suppressed tumor size [29]. 
Our study supports the principle that in immunologi-
cally “cold” tumors, existing intratumoral CD8 + T cells 
may not be the main targets of ICB treatment. There-
fore, quantification of TIL numbers prior to initiation of 
treatment may not help in predicting ICB responders. 
Instead, we observed increased retention of the intra-
tumoral CD8 PET signal in conjunction with a reduced 
signal in the spleen. While the egress of CD8 + T cells 
from the spleen and influx into the tumor is a potential 
mechanism of action to explain the effectiveness of ICB 
in “cold” tumors, activation of extra-tumoral CD8 + T 
cells and the increase in tumor infiltration is consistent 
with the model proposed by Dammeijer et al. [29]. A 
current clinical trial of CD8 PET imaging uses a single 
time point (∼ 1 week post-initiation of ICB treatment) 
to assess the nature of the intratumoral CD8-specific 
PET signal [8]. In our study, the changes from baseline 

to early time points of treatment indicated a better pre-
dictive outcome in “cold” tumors compared to the reli-
ance on a single time point. Overall, CD8-specific PET 
imaging showed that the total amount and intratumoral 
distribution of CD8 + cells in the tumor and the spleen 
(both before and after treatment) may be important fac-
tors to explore in future clinical trials.

CD4 populations have recently gained traction in their 
role in ICB response. CD4-specific PET showed a signifi-
cantly increased intratumoral signal shortly after treat-
ment started (day 2). PET imaging for CD4 T cells soon 
after initiation of ICB might help predict long-term effi-
cacy. A single imaging timepoint might be sufficient to 
reach that conclusion. Kristensen et al. concluded that 
CD4-PET imaging could predict the response to α-PD1 
treatment by combining data from multiple tumor mod-
els, irrespective of tumor types [27]. Nagasaki et al. 
reported that infiltration by CD4+, but not CD8 + T cells, 
was a good prognostic factor in classic Hodgkin lym-
phoma [30]. In our study, the ICB responders had sig-
nificantly elevated CD4 SUVpeak before treatment in the 

Fig. 6  Autoradiography and immunofluorescence (IF) staining show that spatial heterogeneity and overall uptake are distinct measurements. A-B) Rep-
resentative central slice of PET images showed high and low heterogeneity of [89Zr]Zr-DFO-CD4 and [89Zr]Zr-DFO-CD8 distribution, despite differences 
in total levels of uptake. C-D) Topographic map of [89Zr]Zr-DFO-CD4 and [89Zr]Zr-DFO-CD8 PET slices indicated regional hotspots. E-F) Corresponding 
autoradiography images immediately after PET imaging. G-H) Hematoxylin and eosin (H&E) staining of 4T1 tumor sections revealed that areas of high 
[89Zr]Zr-DFO-CD4 or [89Zr]Zr-DFO-CD8 uptake displayed a substantial concentration of densely packed tumor regions. I-J) IF staining for CD4 or CD8 in 
4T1 tumor sections displayed a notable presence of CD4 + or CD8 + cells in proximity to high cellular tumor regions, a pattern consistent with the uptake 
pattern of the PET tracer
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4T1 model, indicating that the presence of CD4 + intra-
tumoral cells prior to treatment might be a positive 
prognostic indicator for ICB treatment. Traditionally, 
immune checkpoint inhibitors were believed to primar-
ily target CD8 + cytotoxic T cells [31]; yet, a recent study 
demonstrated that α-PD1 can reactivate exhausted intra-
tumoral CD4 + cytotoxic T cells in humans [10]. In our 
study, it was shown that α-PD1 increases intratumoral 
CD4 + signal, supporting the mechanisms describing 
intratumoral CD4 + cells as one of the main targets of 
α-PD1 treatment. Further, the splenic CD4 signal in the 
responder group was elevated, suggesting an expansion 
of the CD4 + cell population. Zuazo et al., showed that 
circulating CD4 + T cells were a biomarker and key con-
tributor to the success of PD1/PD-L1 blockade [11, 32]. 
Furthermore, α-CTLA4 impacts the tumor microenvi-
ronment in at least two different ways: (1) by depleting 
regulatory T-cells via antibody-dependent cellular cyto-
toxicity (ADCC) [33] or by disturbed glycolysis [34]; (2) 
by activating T helper populations [9, 35]. Nevertheless, 
Sharma et al. reported that α-CTLA-4 does not deplete 
regulatory T-cells in human cancers [36]. We found that 
the splenic CD4 population increased during α-CTLA4 
treatment, indicating that in “cold” tumors the activation 
of T helper cells might play an important role.

Spatial and temporal heterogeneity of immune cell 
profiles have been associated with the efficacy of immu-
notherapy in both preclinical and clinical studies in mul-
tiple cancer types [37–40]. Most of these studies relied 
on invasive biopsies or ex-vivo analysis, which precluded 
quantification of heterogeneity across the entire tumor 
or longitudinal observation. The ability to track spatial 
of CD4 and CD8 heterogeneity in conjunction with an 
assessment of the final outcome in “cold” tumors is criti-
cal, as the response rate is quite low. In “cold” tumors, 
increased spatial heterogeneity of TILs, as assessed 
by IHC, is correlated with unfavorable outcomes [41]. 
CD4 + or CD8 + T cell clusters can give rise to tertiary 
lymphoid structures (TLS), which play a pivotal role in 
tumor-specific immune responses [42]. Although TLSs 
are prognostic indicators of a favorable response across 
most cancer types, this is not always the case, as in breast 
cancer [42]. TLS-associated Tregs and TLS-resident 
B cells, which can suppress tumor-specific immune 
responses, may be to blame. To quantify the spatial het-
erogeneity of CD8 + T cells in 3D, our approach was 
adopted from Rashidian et al., who analyzed CD8 + cell 
distribution by PET imaging with a central line method 
[18]. Our 3D approach showed that low heterogeneity of 
the distribution of CD8 + T cells, both pre- and post-initi-
ation of ICB treatment, was associated with better thera-
peutic outcomes. Important to note, a high degree of 
heterogeneity of the intratumoral CD8 PET signal did not 
necessarily correspond to a high SUVmean. The analysis of 

the spatial distribution of the PET signal may add criti-
cal information not available from a standard assessment 
of SUV alone. Our findings are consistent with previous 
invasive (biopsy) studies, which showed that tumors with 
large numbers of tumor-infiltrating lymphocytes (TILs) 
may show either a high or low degree of heterogene-
ity [43]. Heterogeneity in the tumor microenvironment 
is one of the critical hallmarks of cancer [1]. It impacts 
tumor responses for a range of therapies including tar-
geted therapy and chemotherapy [43–45]. Therefore, 
studying the heterogeneity across the entire tumor by 
immunoPET imaging may improve our understanding 
of the response to drugs and/or resistance to them, and 
thus provide us with new ideas for unique combinational 
therapies.

Despite these findings, questions remain. First, the 
observed changes in PET signals during ICB treatment 
may not be attributed solely to TILs since other cell types 
are known to express CD4 or CD8 (such as CD4 + mac-
rophages, CD8 + dendritic cells, and CD8 + NK cells). 
This challenge can be partially mitigated through the uti-
lization of RAG-deficient mice, which lack both T and 
B cells. However, given that these T and B cell deficient 
mice are unlikely to exhibit a response to ICB treatment, 
our ability to discern how these remaining signals would 
manifest in response to ICB is constrained. The simul-
taneous expression of numerous extracellular recep-
tors and intracellular transcription factors differentiates 
these distinctive subgroups of immune cells. This mul-
tifaceted trait can be identified through invasive meth-
ods such as histological validation and flow cytometry. 
However, those results are unable to be paired with long-
term responses. Second, while there were consisten-
cies across models, there were some trends that differed 
between the MMTV-HER2 and 4T1 models. These two 
mouse models have different genetic backgrounds, FVB 
for MMTV-HER2 and Balb/c for 4T1. The CD4 T cell 
compartment of the FVB strain is known to be further 
Th2 skewed than that of Balb/c mice [46, 47]. While the 
impact of the Th1 or Th2 environment on immune pro-
files and ICB response remains unclear, it is established 
that Th1 cells eradicate the tumor mass through the 
induction of cellular immunity, while Th2 cells destroy 
tumors by inducing tumor necrosis [48]. Further, there 
are differences in the tumor cells as well: MMTV-HER2 
is a gene knock-in model with human HER2 expression 
[19, 49], while 4T1 is a spontaneous mouse mammary 
fat pad tumor. HER2 is known to promote cancer cell 
proliferation and survival as well as secretion of CCL2, 
a chemokine that recruits monocytes and macrophages 
and inhibits M1-like macrophage polarization [50–54]. 
How HER2 immunogenicity and its intrinsic signaling 
properties affect the response to ICB treatment would 
be an interesting avenue for future exploration. There are 
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currently clinical trials (NCT04789096, NCT03125928) 
examining ICB in combination with anti-HER2 thera-
pies. While there are responses, they are typically less 
than those published for TNBC [12, 55]. Finally, in cer-
tain ICB-treated groups, only a small fraction of respond-
ers (∼ 10%) could be identified, which posed limitations 
to statistical analysis. Nevertheless, such a response rate 
is consistent with what is observed in clinical studies of 
breast cancer [56].

Conclusions
In summary, this study provides evidence that increased 
tumor infiltration by CD4 + and CD8 + T cells and 
reduced spatial heterogeneity of these T cell populations 
are key markers for a response to ICB. PET imaging met-
rics may provide early predictive biomarkers to evalu-
ate the kinetics of TILs in “cold” tumors. We show that, 
before initiation of treatment of “cold” tumors, intra-
tumoral heterogeneity of the distribution of CD4 + or 
CD8 + T cells at baseline, not the total number of T cells, 
is predictive of immunotherapy outcomes in these mouse 
breast cancer models. Further, sustained infiltration by 
CD8 + or CD4 + T cells, along with reduced intratumoral 
heterogeneity, is correlated with enhanced efficacy of 
immunotherapy. ImmunoPET imaging allows systemic 
tracking of immune cells in the intact organism dur-
ing treatment. We show a correlation between a reduc-
tion in the splenic CD8-PET signal and an elevation in 
the splenic CD4-PET signal and an improved response 
to immunotherapy. PET imaging provides quantitative 
metrics that correlate with differences in the anti-tumor 
responses, and also uncovers variations in the mecha-
nism of action of ICB drugs in different host and tumor 
environments.
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