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Supplementary methods 
 
1. MALDI-mass analysis and characterization of 169cDb and TETA-169cDb 
 
Modified and unmodified 169cDb were analyzed by mass spectrometry on a Bruker UltraFlextreme 
MALDI mass spectrometer (Bruker Corp, Billeraca, MA) in linear mode.  Samples were first mixed in a 
1:1 ratio with a saturated solution of alpha-hydroxycinnamic acid (Sigma Chemical Co) in high-purity 
water:ACN (35%:65%) before being spotted on the plate and allowed to air dry.  Samples were 
analyzed using the minimum laser fluence to obtain adequate signal (s/n > 20), generally requiring 
1000 shots per sample.  Data was analyzed in FlexAnalysis.  
 
The TETA-169cDb was detected at a single positively-charged mass (M+1, 55.7 kDa) and a double-
charged mass (M+2, one chelator: 27.4 kDb, two chelators: 27.9 kDb). The chelator-to-protein ratio was 
calculated by the peak intensity values of 169cDb. 
 
2. Intestinal accumulation of 64Cu-169cDb in FVB mice 
64Cu-169cDb (7.97 ± 0.31 µg/animal, 5.17 ± 0.25 MBq/animal) was administered by tail vein injection. 
Animals (n=4 per group) were euthanized with euthasol at 5 and 24 hours and perfused with high 
glucose DMEM. The intestinal tract was harvested and opened lengthwise followed by a wash in PBS 
three times. The intestinal tract was then coiled in a dish as shown in Fig S2 and scanned briefly with 
PET for 15 min prior to obtaining biodistribution data. Feces are collected from large intestine.  
 
3. Flow assays of CD8+ T cells 
 
Flow Cytometry Antibodies 
Flow cytometry was performed with mouse-specific fluorochrome-conjugated monoclonal antibodies 
(mAbs). Pacific blue (PB)-anti-CD45 (30-F11), phycoerythrin (PE)-Cy7-anti-CD3 (145-2C11), and Alexa 
Fluor (AF)700-anti-CD8a (53–6.7) were purchased from BioLegend (San Diego, CA). Negative 
fluorescence-minus-one (FMO) control staining was performed with isotype-matched mouse, rat or 
hamster IgG mAbs, and nonspecific binding was blocked with the FcγIII/II receptor-mediated anti-
CD16/CD32 antibody (2.4G2) from BD Biosciences. 
 
Flow Cytometry Procedure 
Tumor-bearing (FVB with NDL tumors) or wild-type (FVB or BALB/c) mice were sacrificed at the indicated 
time point, and tumors, lymph nodes, and/or spleens were processed by mechanical and/or enzymatic 
disruption to single-cell suspensions for immune cell profiling via flow cytometry. In order to exclude dead 
cells from analysis, live-dead cell staining with the LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit 
(Invitrogen, Carlsbad, CA) was done according to the manufacturer's instructions prior to all other 
antibody staining. Antibody panel combinations used to distinguish immune cell populations were CD45+ 
(leukocytes) plus the following: CD3+ (T-cells) CD8+ (CD8+ T-cells). Cell samples were fixed in Cytofix 
buffer (BD Biosciences), diluted to 1% paraformaldehyde (PFA) in PBS-/-, and run within 24 hours on a 
LSRII flow cytometer (BD Biosciences). All data were analyzed using FlowJo v10 software (TreeStar). 
 
Reagents 



TLR9 agonist, CpG 1826 (class B), was purchased from InvivoGen (San Diego, CA). Anti-PD-1 (CD279) 
mAb (rat IgG2a, clone RMP1-14), was purchased from Bio X Cell (West Lebanon, NH). 
  



 
Fig. S1. MALDI mass spectrums of double positively-charged TETA-169cDb. Three mass spectra are 
shown from triplicate experiments.  
  



 
Fig. S2. Intestinal accumulation of 64Cu-169cDb in FVB mice.  (A) Bright field (top image) and ex vivo 
PET images (bottom image) of intestine acquired at 24 hours after IV administration of 64Cu-169cDb. 
(B) Uptake of 64Cu-169cDb in intestines of FVB mice (duodenum, jejunum, ileum, cecum, and colon) at 
5 (n=4) and 24 hours (n=4). Data, mean ± SD (unpaired t test with Welch’s correction, *, P < 0.05; **, P 
< 0.01; ***, P < 0.001; **** P < 0.001). 
 
 
 
 
  



 
Fig. S3. H&E of whole tumors from MT (CpG+αPD-1) and ST (CpG+ αPD-1, CpG, and αPD-1) NDL 
tumor mice following treatments described in Fig. 3. CpG and αPD-1 were administered via intratumoral 
and intraperitoneal injection, respectively (image scale: black bar, 2 mm).  
  



 
Fig. S4. Density of radioactivity accumulation (A-C in %ID/cc and D-F in SUV) from ROI analysis of 
tumors at (A, D) 30 min, (B, E) 5, and (C, F) 24 h after administration of 64Cu-169cDb in mice receiving 
NT (n=3), MT (CpG+aPD-1, n=4), ST (CpG+aPD-1, n=4), ST (CpG, n=3), and ST (aPD-1,n=3). Data, 
mean ± SD (unpaired t test with Welch’s correction, *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 
0.001). 
  



 
Fig. S5. Comparison of uptake of 64Cu-169cDb in CpG-injected tumor and contralateral tumor. 
Although the differences in contralateral (ntumor=3) and CpG-treated tumor (ntumor =3) accumulation were 
not significantly different, all CpG treated tumors showed slightly lower accumulation of 64Cu-169cDb. 
Data, mean ± SD (unpaired t test with Welch’s correction, n.s, not significant). 
  



 
Fig. S6. Immunohistochemistry of NDL tumors showing H&E (top row), CD31(middle row), and CD8a 
(bottom row) staining in mice receiving NT, MT (CpG+αPD-1), ST (CpG+αPD-1), ST (CpG), and ST 
(αPD-1). Black arrows in the bottom row and circles in middle row images indicate infiltrating CD8+ T-
cells and endothelial cells, respectively. Endothelium in black circles is dilated compared with that in red 
circles. (image scale: white bar, 300 µm). 
 
 
 
  



Fig. S7. Biodistribution of diabody in lymph nodes, spleen and liver of NDL tumor mice treated based 
on protocol in Fig. 3. (A-E) Bright field images of spleens. Spleens harvested from mice with (B) 
multiple treatment of CpG+αPD-1 were inflamed as compared to those from (A) non-treated (NT) mice 
and mice receiving single treatment (ST) with (C) CpG+αPD-1, (D) CpG, and (E) αPD-1. Weight 
(gram), % injected dose (% ID), and % ID/g of (F-H) spleen, (I-K) liver, and (L-N) lymph nodes pooled 
from axillary, inguinal, and cervical lymph nodes. All data were acquired after PET imaging at 24 hours. 
(F-K) NT (n=3), MT (CpG+αPD-1, n=4), ST (CpG+αPD-1, n=4), ST (CpG, n=3), and MT (CpG+αPD-1, 
n=3) for spleen and liver. (L-N) NT (n=3, nLNs=9), MT (CpG+αPD-1, n=4, nLNs=12), ST (CpG+αPD-1, 
n=4, nLNs=12), ST (CpG, n=3, nLNs=9), and MT (CpG+αPD-1, n=3, nLNs=9; LN = lymph node).  Data, 
mean ± SD (unpaired t test with Welch’s correction, *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 
0.001).  
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Fig. S8. Immunohistochemistry of (A) liver and (B) spleen from NDL-tumor mice receiving NT or MT 
(CpG+αPD-1), showing H&E (top (10x) and middle row (20x)) and CD8a (bottom row, (10x)) staining 
(yellow bar: 200 µm, white bar: 300 µm). Yellow and black arrows in H&E-stained images indicate 
granulocytes and clustered erythroid cells, respectively. Black arrows in the CD8a-stained images 
indicate CD8+ T-cells (brown color). 
 
  



 
Fig. S9. Biodistribution of 64Cu-169cDb in the intestine (duodenum, jejunum, ileum, cecum, and colon) of 
NDL tumor mice receiving NT (n=3), MT (CpG+αPD-1, n=4), ST (CpG+αPD-1, n=4), ST (CpG, n=3), and 
ST (αPD-1, n=3) measured at 24 hours after IV administration of diabody. Data, mean ± SD (unpaired t 
test with Welch’s correction, *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.001). 
  



 
Fig. S10. Time activity curve (%ID/cc) of blood obtained from region of interest (ROI) of left ventricle of 
wild-type mice (FVB, n=4; BALB/c, n=4; C57BL/6, n=4). First 30 minutes image was segmented as 6 
frames (5 min/frame) and time points was fitted as one-phase decay curve (Y=(Y0 - Plateau)*exp(-
K*X) + Plateau).  
 
  



Supplementary Tables 
 

Table S1. Age and body weight of different mouse strains 
 Age (days) Body weight (g) 

FVB (n=4) 47 22.50 ± 1.75 

BALB/C (n=4) 57 19.43 ± 0.69 

C57BL/6 (n=4) 57 18.58 ± 1.31 
 
Table S2. PK parameters of 64Cu-169cDb in blood of wide-type mice from immunoPET imaging data 

Mouse strain half-life 
(min) 

K 
(min-1) 

AUC[0-∞]  
(%ID.min/cc) 

R 
square  

FVB (n=4) 52.97 0.01006 8885 0.9694  

BALB/C (n=4) 61.67 0.00876 11633 0.9751  

C57BL/6 (n=4) 58.27 0.01140 10094 0.9798  
 
Table S3. Ex vivo biodistribution of 64Cu-169cDb in wild type FVB, BALB/c, C57BL/6 organs at 24 
hours after IV administration of diabody 
 
 

FVB 
(n=4, %ID/g) 

BALB/c 
(n=4, %ID/g) 

C57BL/6 
(n=4, %ID/g) FVB 

& 
BALB/c 

BALB/c  
& 

C57BL/6 

FVB 
& 

C57BL/6 organs mean SD mean SD mean SD 

blood 1.29 0.19 2.93 0.19 2.21 0.38 **** * ** 
heart 2.12 0.51 3.48 0.23 2.73 0.47 ** n.s. * 
thymus 4.39 0.98 10.72 2.15 9.44 1.88 ** n.s. ** 
lungs 4.24 0.32 6.11 1.18 4.86 0.47 * n.s. n.s. 
liver 6.42 0.44 10.71 0.98 9.12 0.82 ** * ** 
spleen 64.21 7.85 61.74 11.68 80.98 11.25 n.s. n.s. n.s. 
kidneys 29.81 3.15 51.51 3.35 29.72 3.97 **** n.s. *** 
stomach 2.37 0.39 1.49 0.79 1.94 0.36 n.s. n.s. n.s. 
duodenum - - 10.77 0.86 14.22 0.54 - **** - 
jejunum - - 6.94 1.14 9.06 1.64 - n.s. - 
ileum - - 4.41 0.55 6.82 1.59 - n.s. - 
cecum - - 4.24 0.89 6.53 0.47 - ** - 
colon - - 4.63 0.68 6.47 0.36 - ** - 
muscle 0.61 0.08 0.80 0.15 0.71 0.14 n.s. n.s. n.s. 
bone 1.39 0.15 1.64 0.11 2.01 0.45 * n.s. n.s. 
axillary LN 69.12 8.22 51.97 6.40 76.05 13.81 * * n.s. 
inguinal LN 67.37 20.20 47.23 10.79 69.32 14.83 n.s. n.s. n.s. 
mesenteric LN 52.55 9.56 30.85 9.18 49.72 12.82 * n.s. n.s. 
cervical LN 86.12 13.20 54.04 13.86 68.76 10.55 * n.s. n.s. 

Statistical significance was analyzed by unpaired t-test with Welch’s correction. Data, mean ± SD (*, P < 0.05; **, 
P < 0.01; ***, P < 0.001; **** P < 0.001; n.s., not significant) 



 
Table S4. Tumor size (cm3) measured by ultrasound 

Days 
NT (n=6, cm3) 

MT 
(CpG+αPD-1, 
n=8, cm3) 

ST  
(CpG+αPD-1, 
n=8, cm3) 

ST  
(CpG, n=3, 
cm3) 

ST  
(αPD-1, n=3, 
cm3) 

mean SD mean SD mean SD mean SD mean SD 

0 0 0 0 0 0 0 0 0 0 0 

27 0.058 0.017 0.074 0.018       

30 0.137 0.038 0.075 0.035 0.037 0.009 0.076 0.044 0.027 0.013 

34 0.317 0.104 0.077 0.026 0.054 0.030 0.102 0.090 0.081 0.025 
 
Table S5. Average tumor and body weights of mice in immunotherapy study outlined in Fig. 3  
 Body weight (g) Tumor weight (g) 

NT (n=3) 25.23 ± 0.64 0.5304 ± 0.1285  

MT (CpG+ αPD-1, n=4) 25.28 ± 1.12  0.1365 ± 0.0037 

ST (CpG+ αPD-1, n=4) 25.43 ± 1.99 0.1673 ± 0.0686 

ST (CpG, n=3) 25.40 ± 1.02 0.2277 ± 0.1064 

ST (αPD-1, n=3) 24.43 ± 0.85  0.2013 ± 0.0456 
 
 
Table S6. PK parameters of 64Cu-169cDb in blood of NDL tumor-bearing mice from immunoPET 
imaging data 

Treatment Half-life 
(min) K (min-1) AUC[0-∞]  

(%ID.min/cc) R square 

NT (n=3) 62.17 0.01115 10646 0.9334 
MT (CpG+ αPD-1, n=4) 41.34 0.01677 8125 0.9477 
ST (CpG+ αPD-1, n=4) 59.71 0.01161 10920 0.9304 
ST (CpG, n=3) 82.24 0.00843 10992 0.9258 
ST (αPD-1, n=3) 66.65 0.01040 12034 0.9690 

 
 
 
Table S7. Biodistribution of 64Cu-169cDb in organs at 24 hours after IV administration of diabody in 
NDL tumor-bearing mice treated as in Fig. 3 
 NT (n=3, 

%ID/g) 
MT (CpG+αPD-1, 
n=4, %ID/g) 

ST (CpG+αPD-
1, n=4, %ID/g) 

ST (CpG, n=3, 
%ID/g) 

ST (αPD-1, n=3, 
%ID/g) 

organs mean SD mean SD mean SD mean SD mean SD 
blood 1.30 0.02 1.92 0.14 1.51 0.18 1.47 0.11 1.34 0.07 
heart 1.62 0.03 1.69 0.12 1.86 0.14 1.80 0.16 2.03 0.55 
thymus 3.59 0.41 2.82 0.38 4.24 1.12 4.55 0.48 4.27 0.39 



lungs 3.18 0.36 3.38 0.57 3.42 0.09 3.51 0.53 3.84 0.88 
liver 4.94 0.58 5.22 0.55 5.65 0.63 5.82 0.29 6.20 0.32 
spleen 19.37 4.55 9.28 1.94 27.58 2.49 26.48 9.32 39.52 5.37 
kidneys 31.97 5.14 21.28 1.29 23.49 1.82 26.29 4.32 28.38 1.89 
stomach 2.81 0.71 1.74 0.93 1.54 0.43 2.47 0.83 3.01 0.89 
duodenum 12.72 0.66 5.51 0.92 12.47 2.51 14.66 1.42 16.23 3.05 
jejunum 10.20 0.39 4.56 0.98 12.91 1.36 14.52 1.50 15.29 0.39 
ileum 5.63 1.21 3.58 0.56 9.46 0.96 10.54 1.52 10.83 0.52 
cecum 4.51 0.68 3.25 0.62 4.13 0.25 5.32 0.73 4.34 0.15 
colon 4.11 0.96 3.52 0.86 4.07 0.34 5.03 0.29 4.49 0.30 
muscle 0.40 0.04 0.34 0.02 0.39 0.03 0.44 0.01 0.48 0.02 
bone 0.59 0.09 1.24 0.44 0.64 0.24 0.61 0.08 0.57 0.07 
tumors 2.43 0.51 1.75 0.60 3.91 0.64 3.51 1.08 4.54 0.32 
axillary LNs 21.17 5.84 15.60 1.22 32.01 6.50 39.90 11.33 49.02 9.18 
inguinal LNs 21.66 3.23 14.33 2.59 23.10 2.85 24.25 6.93 38.47 1.45 
mesenteric LNs 18.94 1.20 6.88 1.73 17.48 2.57 18.23 4.16 29.98 13.62 
cervical LNs 31.22 9.84 16.00 2.70 35.97 7.00 26.30 5.12 45.66 5.10 
Statistical analysis table for Supplementary Table S7 

 
NT 
& 

MT 
(CpG+αPD-1 

NT 
& 

ST 
(CpG+αPD-1) 

NT 
& 

ST 
(CpG) 

NT 
& 

ST 
(αPD-1) 

MT 
(CpG+αPD-1) 

& 
ST 

(CpG+αPD-1) 

MT 
(CpG+αPD-1) 

& 
ST 

(CpG) 

MT 
(CpG+αPD-1)  

& 
ST 

(αPD-1) 

ST 
(CpG+αPD-1) 

& 
ST 

(CpG) 

ST 
(CpG+αPD-1)  

& 
ST 

(αPD-1) 

ST 
(CpG)  
& 

ST 
(αPD-1) 

blood ** n.s. n.s. n.s. * ** ** n.s. n.s. n.s. 
heart n.s. * n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

thymus n.s. n.s. n.s. n.s. n.s. ** ** n.s. n.s. n.s. 
lungs n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
liver n.s. n.s. n.s. * n.s. n.s. * n.s. n.s. n.s. 

spleen * n.s. n.s. ** **** n.s. ** n.s. * n.s. 
kidneys n.s. n.s. n.s. n.s. n.s. n.s. ** n.s. n.s. n.s. 
stomach n.s. n.s. n.s. n.s. n.s. ns n.s. n.s. n.s. n.s. 

duodenum **** n.s. n.s. n.s. ** ** * n.s. n.s. n.s. 
jejunum *** * * **** *** ** **** n.s. * n.s. 
ileum n.s. * * ** *** ** **** n.s. n.s. n.s. 
cecum n.s. n.s. n.s. n.s. n.s. * * n.s. n.s. n.s. 
colon n.s. n.s. n.s. n.s. n.s. * n.s. * n.s. n.s. 

muscle n.s. n.s. n.s. n.s. * *** *** * ** n.s. 
bone n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

tumors * *** n.s. **** **** ** **** n.s. * n.s. 
axillary LNs n.s. n.s. n.s. * * n.s. * n.s. n.s. n.s. 
inguinal LNs * n.s. n.s. ** ** n.s. **** n.s. *** n.s. 

mesenteric LNs *** n.s. n.s. n.s. *** * n.s. n.s. n.s. n.s. 
cervical LNs n.s. n.s.. n.s. n.s. ** n.s. ** n.s. n.s. ** 

Statistical significance was analyzed by unpaired t-test with Welch’s correction. Data, mean ± SD (*, P < 0.05; **, 
P < 0.01; ***, P < 0.001; **** P < 0.001; n.s., not significant) 
 
 



Table S8. ROI analysis of tumors for diabody accumulation following immunotherapy protocols in Fig. 
3. 

 
NT (n=6) 

MT 
(CpG+αPD-1, 

n=8) 

ST 
(CpG+ αPD-1, 

n=8) 

ST 
(CpG, n=6) 

ST 
(αPD-1, n=6) 

Time 
(h) mean* SD mean SD mean SD mean SD mean SD 

0 2.566 0.374 1.228 0.273 1.779 0.527 2.191 0.242 2.636 0.285 

5 3.563 0.334 2.413 0.930 4.931 0.766 4.528 0.995 5.171 0.505 

24 2.960 0.417 2.393 0.814 4.634 0.749 4.044 1.244 4.677 0.353 
*Mean: %ID/cc 


	Flow Cytometry Antibodies
	Flow Cytometry Procedure
	Fig. S10. Time activity curve (%ID/cc) of blood obtained from region of interest (ROI) of left ventricle of wild-type mice (FVB, n=4; BALB/c, n=4; C57BL/6, n=4). First 30 minutes image was segmented as 6 frames (5 min/frame) and time points was fitted...
	Supplementary Tables
	Table S1. Age and body weight of different mouse strains
	Table S5. Average tumor and body weights of mice in immunotherapy study outlined in Fig. 3
	Table S7. Biodistribution of 64Cu-169cDb in organs at 24 hours after IV administration of diabody in NDL tumor-bearing mice treated as in Fig. 3
	Table S8. ROI analysis of tumors for diabody accumulation following immunotherapy protocols in Fig. 3.

