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Materials and Methods 

Construction of T7 phage display lung cancer cDNA libraries. Total RNA was 

isolated according to the standard Trizol protocol separately from 7 lung cancer tissues 

(Supplementary Table S1) from regions containing greater than 80% tumor cellularity. 

The integrity of each RNA preparation was assessed by the A260/A280 ratios greater than 

1.8 as well as intact 28S and 18S RNA by gel electrophoresis.  Equal amounts of total 

RNA from 7 tissues were pooled and poly(A) RNA was purified from the total RNA pool 

following Straight A’s mRNA Isolation System protocol (Novagen, San Diego, CA). A 

total of 8.7 µg of mRNA was eluted and its integrity was judged by gel electrophoresis. 

OrientExpression cDNA Synthesis and Cloning System (Novagen) was used for 

the construction of the T7 phage lung cancer cDNA libraries. cDNA was constructed 

using directional oligo(dT) primers. After vector ligation and T7 packaging, the cDNA 

phage display library was constructed and the library titers were determined by plaque 

assay with 4.2 X 106 pfu. 

Amplification of libraries. Five ml of Lennoxl Broth Base (LB) with 

carbenicillin was inoculated at 37°C overnight with a single colony of BLT5615 from a 

freshly streaked plate. Overnight culture was added to 100 ml of LB with carbenicillin 

and grown to an OD600 of 0.45.  One mM IPTG was added and the cells then incubated 

for 20 additional minutes. A 5 ml culture was infected with the phage library at a 

multiplicity of infection (MOI) of 0.001-0.01 (i.e., 100-1000 cells for each pfu).  The 

infected bacteria were incubated with shaking at 37°C for 1-2 hr until lysis was observed. 

The phage lysate was then separated from bacterial debris by centrifugation at 8000 x g 

for 10 min. The supernatant was collected and stored at -80°C. The quality and diversity 
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of the phage library was tested by PCR amplification of 30 randomly selected phage 

colonies and DNA sequencing of 30 randomly selected phage colonies from the library. 

Biopanning for phage-epitope clones specific to lung cancer and non-cancer 

controls. To enrich for T7 phage-peptides recognized by cancer or non-cancer control 

sera, we performed separate biopanning selections on 10 lung cancer and 3 non-cancer 

control sera (Supplementary Table S2).  Protein A/G agarose beads (Pierce, Rockford, 

IL) were used to purify IgGs from the sera of lung cancer patients and non-cancer 

controls (Supplementary Figure S1). Briefly, 100 µl protein-A/G agarose beads were 

placed into 1.5 ml Eppendorf tubes and washed two times with 1X PBS. Washed beads 

were blocked with 1% BSA for 1 hr. The beads were then incubated at 4°C with 50 µl of 

individual serum from control or lung cancer patients at 1:50 dilution in 1% BSA. After 

overnight incubation, the beads were washed with 1X PBS by centrifuging at 1000 x g 

for 2 min. After three washes, 100 µl of 1X PBS was added to each sample. The A/G 

bead:human IgG complex tubes from the 3 control sera and 10 lung cancer sera were 

stored at 4° C as stocks for four rounds of biopanning. 

Twenty five µl of protein A/G bead:human IgG complex was incubated with 300 

µl amplified phage library diluted 1:40 with 10% BSA at 4°C overnight. The mixture was 

centrifuged at 1000 x g for 2 min and the supernatant discarded. To elute bound phage, 

50 µl of 1% SDS was added and shaken vigorously at room temperature for 10 min to 

break up the antibody:antigen reaction without disrupting T7 phage particles. The bound 

phage were removed from the beads by centrifugation at 5500 x g for 8 min. Eluted 

phages were transferred to 5 ml culture of BLT5615 cells for amplification. A total of 
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four cycles of affinity selection were carried out for enrichment of lung cancer or non-

cancer control related T7 phage-peptides. 

Construction of the T7 phage-peptide microarrays. The phage library (~1010 

pfu) from the fourth cycle of biopanning was diluted 1:108 and allowed to grow on LB 

agar plates with carbenicillin. 2.3k phage colonies were randomly picked and amplified 

in 96-well plates. The phage lysates were spotted onto ONCYTE nitrocellulose coated 

glass microscope slides (Grace Bio-Labs, Bend, OR), using a GMS 417 printer 

(Affymetrix, Santa Clara, CA), to fabricate phage peptide microarrays. Eleven T7 phage 

clones without cDNA inserts were spotted as negative controls. 

Assay of sera on phage-epitope microarrays. Before processing, microarray 

slides were rinsed briefly in PBS with 0.1% Tween-20 (PBS-T) to remove unbound 

phage, and then transferred immediately to 4% nonfat milk/PBS-T blocking solution for 

1.5 hrs at room temperature. Serum from lung adenocarcinoma or control individuals was 

pre-adsorbed the day before with a 50-fold higher amount (v/v) of bacterial lysate (OD600 

of 0.5) and then used for incubation.  After blocking, 2.5 µl of human serum (final 

concentration 1:300 dilution) and T7-tag antibody (Novagen, 1:5000 dilution) in 4% 

nonfat milk in PBS was incubated with the slide in a screw-top slide hybridization tube. 

Slides were incubated with sera from lung cancer or control for 1 hour at room 

temperature and then washed 5 times in PBS-T for 5 min each at room temperature. After 

washing, arrays were incubated with 2.5 ml of PBS-T milk containing Cy3-labeled goat 

anti-mouse antibody and Cy5-labeled goat anti-human IgG antibody (Jackson 

ImmunoResearch) both diluted 1:5,000 for 1 hr in the dark. Five washes were performed 
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using PBS-T with 5 min each.  The arrays were then dried by centrifugation at 500 x g 

for 5 min.  

Sequence analysis of humoral immune response targets. Phage-peptide clones 

identified as significant by this study was performed as previously described (30). DNA 

sequences and potentially translated protein sequences were aligned using NCBI BLAST. 

Immunofluorescence and confocal microscopy. The lung cancer tissue section 

slides were soaked in xylene to remove paraffin. Antigen retrieval was by heating the 

slides in citrate buffer pH 6.0 for 15 minutes in a pressure cooker. Slides were then 

blocked in PBS-T containing 0.05% Tween and 5% normal donkey serum for 1 hour. 

Mouse anti-ubiquilin 1 antibody (Zymed) was added to the slides at 1:40 dilution in 

blocking buffer and incubated overnight at 4oC. Slides were then washed and incubated 

with secondary antibody at 1:1000 dilution (anti-mouse Alexa 555, Molecular Probes, 

Eugene, OR) for 1 hour. After washing the slides with PBS-T and PBS, they were 

mounted using Vectashield mounting medium containing DAPI. Confocal images were 

taken with Zeiss LSM510 META (Carl Zeiss, Thornwood, New York) imaging system. 

The double color images were exported as TIFF images. 

Immunohistochemistry of tissue microarrays. A tissue microarray block was 

constructed and used the best representative morphological areas of the tumors in this 

study. Deparaffinized sections of the pulmonary adenocarcinoma tissue microarray were 

microwaved after pretreatment in citric acid to retrieve antigenicity. The sections were 

incubated with blocking solution containing PBS and 1% bovine serum album for 60 min 

at room temperature. The sections were incubated with mouse anti-ubiquilin 1 antibody 

(Zymed) at 1:100 dilution overnight at 4°C. The immunocomplexes were visualized by 
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the immunoglobulin enzyme bridge technique using a Vector ABC-peroxidase kit 

(Vector Laboratories, Burlingame, CA) with 3,3'-diaminobenzidine tetrachloride as a 

substrate. The sections were lightly counterstained with hematoxylin. 
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Supplementary Table S1.   Clinical and pathology information of lung cancer 
tissues used for construction of T7 phage display cDNA library 
Sample  

ID* Age Sex Stage 
Survival Time** 

(month) Differentiation 

Ad2 59 F Ia 33.0 Well/moderate 

Ad14 68 F Ib 10.1 Moderate 

Ad84 58 M IIIa 17.6 Poor 

Sq6 87 F Ib 33.1 Moderate 

Sq16 61 M Ib 10.2 Well 

Sq27 71 M Ib 48.6 Poor 

Sq Ls-8 62 M Ib 136.1 Poor 

 
* Ad = adenocarcinomas, Sq = squamous; ** follow up time after surgery. 
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Supplementary Table S2.   Clinical and pathology information for lung cancer and non-

cancer control sera used for biopanning of T7 phage display cDNA library 
Sample 

ID* 
Bp tube 

ID Age Sex Stage 
Survival Time** 

(month) Differentiation 

Ad22 1 81 F Ia 21.2 Well 

Ad30 2 74 F Ib 55.6 Moderate 

Ad32 3 55 M IIb 29.3 Well 

Ad69 4 70 M Ia 50.2 Moderate 

Ad75 5 88 F Ia 69.2 Well 

Ad102 6 52 F IIb 22.7 Moderate 

Sq20 7 76 M Ib 62.4 NA 

Sq37 8 64 F IIIa 23.1 NA 

Sq48 9 70 M IIIa 34.4 NA 

Sq5 10 82 F IIb 78.1 NA 

N1 12 56 M   COPD 

N2 13 NA NA   Pneumonia 

N3 11 65 F   Asthma, arthritis 

*  Ad = adenocarcinomas, Sq = squamous, N = non-cancer control, Bp = biopanning, NA 
= non available 
** follow up time after surgery 
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Supplementary Table S3. Clinical information of training 
and validation set samples 

 Training set Validation set 
Adenocarcinomas   (n) 75 75 

Age average (years)  64.9 64.9 
Age range 43-88 34-90 

Male 37 37 
Female 38 38 

Stage I+II 58 58 
Stage III+IV 17 17 

Dead 34 34 
Alive 41 41 

Survival time (months) 31.5 32.3 
   
Non-cancer control  (n) 50 50 

Age average (years)  61.6 60.8 
Age range 50-77 40-77 

Male 30 31 
Female 20 19 

 
 
 
 

Supplementary Table S4. Clinical 
information of Pittsburgh samples 

Adenocarcinomas   (n) 62 
Age average (years)  66.7 

Age range 49-82 
Male 23 

Female 39 
  
Non-cancer control  (n) 60 

Age average (years)  63.9 
Age range 51-83 

Male 30 
Female 30 
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Supplementary Figure S1. Schematic representation of the T7 phage-epitope 

microarray approach to characterize the humoral immune response to lung cancer. A 

cDNA library was constructed from a pool of total mRNA isolated from 7 lung cancer 

tissues (Step 1-3). After digestion, the cDNA library was inserted into the T7 

bacteriophage vector (Step 4). The T7 fusion vectors were then packaged into T7 
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phages to generate a lung cancer cDNA phage display library (Step 5).   Four rounds of 

affinity selection (biopanning) were performed (Step 6).  Subsequently, enriched lung 

cancer/control specific epitope clones were cultured on LB agar plates. Single colonies 

were randomly selected into 96-well plates (Step 7). Phage clone lysates were then 

printed onto nitrocellulose coated slides using a robotic arrayer to create a 2300 element 

phage-epitope microarrays (Step 8).  Cy5-labeled (red fluorescent dye) anti-human IgG 

antibody was used to detect human serum IgGs reactive to epitope clones, while a Cy3-

labeled (green fluorescent dye) antibody was used to detect the phage capsid 10B 

protein in order to control for spotting (Step 9). Thus, if a phage clone carries an 

epitope which is reactive to human IgG, after scanning, this spot will be represented as 

yellow or red in color, otherwise, the spot will remain green, representing non-reactive 

clones (Step 10). The immunomic profiles are then analyzed using several statistical 

approaches. 
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Supplementary Figure S2. Representative images of 2.3k phage-epitope microarray 
immunoreactivity with control (A) and lung adenocarcinoma (B) serum. Yellow or red 
spots represent clones with higher immunoreactivity while green spots represent lower or 
no immunoreactivity. 
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Supplementary Figure S3. Representative figure of one sample showed the correlation 

coefficients of replicate experiments is 0.96 suggesting excellent reproducibility.  
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Supplementary Figure S4 Boxplot showed the immunoreactivity against two phage-

peptide clones encoding fragments of ubiquilin-1 were higher in tumors relative to 

controls in Pittsburgh sera. Numbers of samples are indicated in parentheses. 
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Supplementary Figure S5 Immunohistochemical staining using anti-ubiquilin 1 

antibody showed weak cytoplasmic staining in type 1 and 2 epithelial cells and 

macrophages within normal lung tissues (arrows) and strong cytoplasmic staining of 

ubiquilin 1 in lung adenocarcinoma tumor cells (arrow). At x400 magnification. 
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Supplementary Figure S6 ROC curve of the two phage-peptide clones encoding 

different overlapping fragments (clone 1_E6 spanned aa113-197 and clone 7A2 spanned 

aa113-219 CDS) of heat shock protein 70 showing identical increased immune response 

patterns in lung adenocarcinomas relative to controls with AUC 0.75 (based on 150 

adenocarcinomas and 100 non-cancer controls) and mean of these two clones was AUC 

0.77. 

 


