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MODULATION OF PI3K-AKT PATHWAY IN COLORECTAL CANCER 

Maliha Nusrat, MBBS. 

Advisory Professor: Scott Kopetz, M.D., Ph.D. 

 

The phosphatidylinositol-3-kinase (PI3K) signaling pathway is activated in 20-

40% colorectal cancers (CRC) through PTEN loss (PTENloss) and PIK3CA mutations 

(PIK3CAmut). Allosteric AKT inhibition with MK2206 monotherapy has been 

ineffective in CRC patients. We investigated the impact of MK2206 on 

pharmacodynamic (PD) markers and signaling pathways using reverse phase 

protein array (RPPA) on (1) paired tumor biopsies from a clinical trial of MK2206 in 

PI3K-altered metastatic CRC, (2) PTENloss CRC patient derived xenografts (PDX) 

treated with MK2206 or carrier, and (3) MK2206-treated cell lines. PD inhibition was 

deep in cell lines, less but significant in PDX, and only modest in patients. 

Expression of several receptor tyrosine kinases (RTKs) increased after AKT 

inhibition; insulin like growth factor 1 receptor (IGF1R) was significantly upregulated 

in patients, PDX and cell lines (P<0.05). IGF1R levels increased after 24 hours of 

exposure to MK2206 in cell lines (P<0.01), and correlated inversely with pFoxO3a 

levels in patients’ tumors (r= -0.65, P=0.01). Levels of pFoxO3a also inversely 

correlated with AKT pS473, suggesting partial AKT re-phosphorylation.  

The PI3K pathway also modulates tumor immune microenvironment and may 

influence response to emerging immunotherapies. Using quantitative 

immunohistochemistry, we found increased densities of effector T cells and 

increased expression of several checkpoints (including PD-L1) at the center of PI3K-
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altered early-stage MSS CRC. Subgroup analysis showed increased CD8+ cells 

among PIK3CAmut but not PTENloss cases. Using Agilent microarrays, we found 

higher PD-L1 and TIGIT mRNA levels in PI3K-altered MSS CRC (P<0.05). On 

hierarchal clustering analysis, the immune signature of PI3K-altered MSS CRC 

clustered with that of inflamed CMS1 and CMS4 tumors. Among MSS CRC patients 

enrolled in immunotherapy trials, PIK3CAmut MSS CRC patients derived clinical 

benefit more frequently than PIK3CA wild-type patients (50% vs 8.6%, P=0.015). We 

further showed synergism of combined PI3K and PD-1 inhibition in CT26 CRC 

mouse model. 

 

We conclude that AKT inhibition in metastatic CRC induces FOXO-mediated 

adaptive upregulation of RTKs, namely IGF1R, possibly reactivating the pathway. 

PI3K-altered MSS CRC is an immunologically distinct subgroup with increased 

immune engagement, but also checkpoint upregulation, resulting in overall 

immunosuppression. Our results highlight potential targeted therapy and immuno-

oncology combinations for PI3K-altered CRC patients.  
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Chapter I: Introduction 

Colorectal cancer in the United States: 

Colorectal cancer (CRC) is the second leading cause of cancer-related death 

in the United States, with an estimated 53,200 deaths in both genders combined in 

2020.1 In the past three decades, the incidence of both colon and rectal cancers has 

been increasing annually in adults younger than 55 years of age in the United 

States.2 The trend appears to be global spanning Australia, South America, Asia, 

Europe and Canada.3 Most of these young onset CRC are sporadic and associated 

with synchronous metastases.4, 5 This has resulted in a decrease in recommended 

age for CRC screening to 45 years for average risk adults by American Cancer 

Society in 2018.6 The five-year survival rate of metastatic CRC remains below 15%.7 

While curative surgical resection of oligometastases improves survival, better 

systemic therapies for unresectable metastatic disease are urgently needed. 

Chemotherapeutic agents 5-fluorouracil, oxaliplatin and irinotecan have been the 

backbone of systemic treatment for metastatic CRC for decades. Anti-vascular 

endothelial growth factor antibodies modestly improve survival when added to the 

chemotherapy backbone.8, 9 The newer agents for refractory CRC, regorafenib and 

TAS-102, similarly have had limited success.10, 11 

Subgroups of CRC are increasingly being recognized using genomic 

sequencing and gene expression analysis to have distinct biology and treatment 

implications.12-14 Constitutive activation of mitogen-activated protein kinase (MAPK) 

signaling through molecular aberrations in pathway genes confers resistance to 
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upstream epidermal growth factor receptor (EGFR) inhibition. Absence of alterations 

in the RAS genes (KRAS and NRAS) in about half of CRC patients is routinely used 

as a predictive biomarker for treatment with anti-EGFR monoclonal antibodies.15 

Activating BRAF mutations downstream of RAS have also shown to predict 

resistance to anti-EGFR therapy. Combined EGFR and BRAF inhibition has been 

successful in randomized clinical trials for BRAF V600E mutant CRC, while trials are 

ongoing in non-BRAF V600E patients.16 BRAF mutations also signify a CRC 

subgroup with poor prognosis, for which aggressive upfront cytotoxic chemotherapy 

is warranted.17 About 2-4% of metastatic CRC have HER2 amplifications, and are 

candidates for dual HER2 targeted therapy with trastuzumab and pertuzumab.18 

After years of efforts at targeting mutant KRAS, new KRAS G12C inhibitors are now 

in clinical development and hold promise for about 3% of metastatic CRC patients 

whose tumors are KRAS G12C mutated (NCT03600883). Immunotherapy has 

resulted in durable responses and is indicated in microsatellite instability high (MSI) 

metastatic CRC, which comprises 3-4% of patients.19, 20 The more common 

microsatellite stable (MSS) CRC do not respond to immunotherapy, and new 

combination strategies are under investigation. Targetable gene fusions (e.g., RET, 

NTRK1, FGFR2/3, ALK, ROS1) have also been identified in rare cases of CRC.21, 22 

Despite these successes of precision oncology, the vast majority of CRC patients 

lack the relevant biomarkers to qualify for these therapies.  

The PI3K-AKT signaling pathway: 

The phosphoinositide 3-kinase (PI3K) signaling pathway alterations are 

common, and implicated in cancer growth, proliferation and angiogenesis in many 
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cancer types. Class I PI3K comprise a p110 catalytic domain which has four 

isoforms (, ,  and  which are coded by PIK3CA, PIK3CB, PIK3CD and PIK3CG 

genes respectively) and a regulatory domain. PI3K may be activated by ligand-

bound membrane receptor tyrosine kinases, G-protein-coupled receptors, receptor 

amplification or alterations resulting in constitutive activation of pathway proteins. 

Activated Ras from MAPK signaling pathway may also bind to and activate p110.23 

Activated PI3K phosphorylates phosphatidylinositol 4,5-bisphosphate to form 

phosphatidylinositol-3,4,5-trisphosphate (PIP3), which subsequently brings 

pleckstrin homology (PH) domain-containing proteins in proximity to the plasma 

membrane, including phosphoinositide-dependent kinase 1 (PDK1) and protein 

kinase B (AKT).24 AKT is a serine/threonine kinase that requires phosphorylation at 

T308 by PDK1 and at S473 by TORC2 for full activation. Activated AKT then 

phosphorylates several downstream targets implicated in cell growth and protein 

synthesis, cell survival, cell proliferation and angiogenesis.23-25  

PI3K signaling is regulated in several ways.25, 26 The PI3K regulatory domain 

inactivates the kinase activity of the catalytic domain in the basal state. Pathway 

activation is terminated by the phosphatase PTEN which dephosphorylates PIP3. 

Hence, loss of PTEN (PTENloss) either through epigenetic silencing, inactivating 

mutations or biallelic copy number loss, results in PIP3 accumulation at the 

membrane and pathway activation. PI3K-AKT pathway activation also results in 

feedback suppression of RTK signaling via mTORC1/S6K dependent degradation of 

insulin receptor substrates (IRS), stabilization of growth factor receptor bound 

protein 10 (GRB10), and inhibition of HER and IGF1R/IR tyrosine kinases. PI3K-
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AKT pathway activation also decreases RTK transcription via phosphorylation and 

cytosolic sequestration of FOXO family members.25-27 

The pathologic role of class II and class III PI3K in cancer is not clear and is 

not discussed here. The schematic of PI3K-AKT signaling pathway is shown in 

Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1: A schematic of PI3K-AKT signaling pathway and its interaction with 

parallel oncogenic signaling pathways. 



5 
 

PI3K pathway alterations in colorectal cancer: 

In CRC, the PI3K pathway may be activated by PTENloss in 20-40% of 

patients, activating PIK3CA mutations (PIK3CAmut) in ~15% of patients, or upstream 

activation of receptor tyrosine kinases such as HER2 amplifications in 2-4% of 

patients.28-31 PI3K pathway activation is an adverse prognostic factor for CRC.32 

Higher PI3K expression is seen in metastatic CRC as compared to primary tumors.33 

PI3K pathway alterations may also have treatment implications for CRC patients. 

PI3K signaling activation can increase proliferation of LGR5+ CRC stem cells and 

contribute to chemotherapy resistance.34 PIK3CA mutations may confer intrinsic 

resistance to treatment with anti-EGFR monoclonal antibodies.35 Emergence of 

PIK3CA mutations has been reported to confer acquired resistance to anti-EGFR 

therapy.36 A subgroup analysis of the My Pathway trial of dual HER2-targeted 

therapy (trastuzumab and pertuzumab) for HER2 positive CRC patients showed less 

response rate in PIK3CAmut patients as compared to PIK3CA wild-type (PIK3CAwild) 

patients (13% vs 43%).18 In Nurses' Health Study and Health Professionals Follow 

Up study which mostly comprised early stage CRC patients, regular use of aspirin 

was found to be associated with longer CRC-specific survival and overall survival 

among PIK3CAmut as compared to PIK3CAwild cases, suggesting a role for aspirin in 

secondary prevention of PIK3CAmut CRC.37  

PI3K pathway inhibition in colorectal cancer:  

Several drugs have been developed for targeted inhibition of one or more 

components of the PI3K-AKT pathway. Evaluation of targeted inhibition of the PI3K 
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pathway in CRC is underway, but monotherapy has been inactive.29-31, 38-40 Table 1 

summarizes clinical trials using single agent PI3K-AKT pathway inhibitors in CRC 

patients.  

Table 1: Clinical trials using single agent PI3K/AKT signaling pathway inhibitors in 

colorectal cancer patients. 

Trial Number Trial Name  Results 

NCT01802320 Phase 2 study of MK-2206 in previously 
treated metastatic CRC patients 
enriched for PTEN loss and PIK3CA 
mutation 

ORR = 0, PFS = 6.8 (5.83 to 
7.77), OS = 1.87 (1.83 to 1.90) 

NCT01186705 Phase 2 clinical and translational study 
of MK-2206 in patients with metastatic 
KRAS wild-type, PIK3CA-mutated CRC 

Closed due to lack of accrual 

NCT00419159 Phase 2 study of Everolimus in patients 
with metastatic CRC refractory to an 
anti-EGFR antibody (if appropriate), 
Bevacizumab, Fluoropyrimidine, 
Oxaliplatin, and Irinotecan-based 
regimens 

No meaningful clinical activity 

NCT00390364 Phase 2 study of single agent RAD001 
(Everolimus) in patients with CRC and 
activating mutations in the PIK3CA 
gene 

Closed due to low accrual 

NCT00337545 Phase II trial of RAD001 in patients with 
refractory CRC 

Results not published 

NCT00827684 Phase 2 study of Temsirolimus alone or 
with Irinotecan in chemotherapy 
refractory patients with KRAS mutated 
metastatic CRC (TIRASMUS) 

In monotherapy arm, ORR = 
0; SD 38%; median PFS 45 
days.  
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Several factors have been implicated in limiting the successful development 

to PI3K-AKT pathway inhibitors. These include weak oncogenic activity of PI3K 

alterations or presence of co-occurring oncogenic driver alterations, suboptimal 

patient selection in clinical trials without PI3K pathway dependence and failure to 

exclude patients with other driver alterations, inadequate pharmacodynamic (PD) 

inhibition or dose limiting toxicities, loss of inhibitory feedback loops resulting in 

pathway reactivation, emergence of gene alterations conferring acquired resistance, 

and increase in insulin secretion on PI3K inhibition.26, 41, 42 

A phase 2 study of MK-2206 in previously treated metastatic CRC patients 

with PTENloss and PIK3CAmut was conducted at MD Anderson (NCT01802320) and 

achieved an objective response rate of 0%. The mechanisms behind this clinical 

inactivity of MK2206 in biomarker selected CRC are unknown, yet vital to 

development of more effective therapies. These include assessment of PD inhibition 

as well as of adaptive changes in cell signaling in response to AKT inhibition such as 

through loss of suppression of feedback pathways as shown in Figure 2.26, 43  

Hypothesis 1: “AKT inhibition is ineffective in colorectal cancer despite adequate 

pharmacodynamic inhibition due to activation of alternate signaling pathways.” 
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Figure 2: Feedback inhibition loops in PI3K-AKT signaling pathway and potential 

loss of inhibition after treatment with allosteric AKT inhibitor (MK2206). 
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Immune microenvironment of colorectal cancer:   

Anti-tumor immune microenvironment influences the prognosis of CRC 

patients.44-48 Higher CD8+ T cell infiltrate is associated with improved disease free 

survival and less advanced CRC.44, 46, 49 CRC with high memory T cell infiltration 

have decreased dissemination and less lymphovascular invasion.50 Furthermore, 

high expression of genes associated with TH1 immunity correlates with cytotoxic T 

cell mediated immune response and is associated with less tumor recurrence.46 

Immunoscores have been developed integrating the densities of cytotoxic and 

memory T cells at the center of tumor as well as at the invasive margin, and have 

shown to predict disease free survival of CRC patients beyond TNM stage and 

microsatellite stability status.46, 47, 51, 52  

The immune microenvironment of CRC is not uniform across all subtypes. 

While tumors with MSI have a fairly uniform gene expression signature, MSS CRC is 

a heterogeneous group with differential expression of immune related genes in 

various subsets.52 The durability of responses seen with single agent 

immunotherapy in MSI CRC is a testament to the power of an effective anti-tumor 

immune response in controlling a lethal disease.19 High tumor-associated cytotoxic T 

cell infiltrate before treatment has been shown to be predictive of response to 

immunotherapy.53 Notably, a handful of patients with MSS CRC have responded to 

immunotherapy combinations, and this may be expanded through a rational 

mechanistic combination approach.54-56 It is of great importance to improve our 

understanding of the genomic modulators of immune microenvironment of MSS 

CRC, in order to develop therapeutic interventions aimed at improving anti-tumor 
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immune repertoire while decreasing the immunosuppressive mediators, and also to 

identify subsets of MSS CRC that would benefit from immune targeted treatments.57, 

58  

PI3K pathway and tumor immune microenvironment: 

The PI3K signaling pathway is a known modulator of anti-tumor immune 

response.59-63 PI3K activation due to PTENloss suppresses tumor immune 

microenvironment by decreasing tumor infiltrating T cells and upregulating immune 

inhibitory cytokines and checkpoints in other cancers.61, 62 Higher PD-L1 protein 

expression has been noted in PTENloss CRC cell lines.63 PD-1/PD-L1 interactions 

negatively regulate the CD8+ cells in the tumor.64 Non-response to immunotherapy 

is associated with PTENloss and lower pre-treatment intratumoral cytotoxic T cells.53, 

57, 58 PI3K inhibition improves intratumoral cytotoxic T cell infiltration and function in 

murine models of melanoma.62 Isoform-selective inhibition of PI3Kα and PI3Kβ 

yields a higher immune response as PI3Kδ and PI3Kγ inhibition has been 

associated with immunologic impairment.61, 65 Increasing intratumoral CD8+ cell 

infiltration with PI3K pathway inhibition and increasing T cell activation through 

checkpoint blockade is a rational combination strategy that has shown promise in 

mouse models of different cancers.62, 66, 67 The immune repertoire of PI3K pathway 

altered CRC patients is yet to be determined, and is important to investigate given 

the potential for therapeutic immunomodulation. 

Hypothesis 2: “PI3K activating alterations suppress the tumor immune 

microenvironment of colorectal cancer patients.” 
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Specific Aims: 

Specific Aim 1: Demonstrate pharmacodynamics inhibition of AKT pathway in 

tumor and surrogate tissue from a clinical trial of MK2206 in colorectal cancer 

Specific Aim 2: Determine the mechanisms of adaptive resistance to AKT inhibition 

in PI3K activated colorectal cancer patients, patient derived xenografts and cell 

lines. 

Specific Aim 3: Evaluate the impact of PI3K activating alterations on immune 

landscape of colorectal cancer, and design a therapeutic intervention to improve the 

immune microenvironment. 
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Chapter II: Methods 

We employed three model systems in our project:  

1. Patient samples from clinical trial with MK2206 collected at baseline and day 

15 of cycle 1 (C1D15), 20 to 28 hours after dose. 

2. Patient-derived xenograft (PDX) model of PTENloss metastatic CRC 

3. Three cell lines treated with MK2206: KM12L4, SW480 and MDA468 

Clinical Trial of AKT inhibitor: 

An NCI CTEP sponsored phase II clinical trial with MK2206 (an allosteric AKT 

inhibitor) in previously treated CRC patients was conducted at MD Anderson Cancer 

Center (NCT01802320, PI: Dr E. Scott Kopetz) between March 2013 to July 2015. 

The trial enrolled previously treated metastatic CRC patients with either PTENloss or 

PIK3CAmut. Patients with KRAS and BRAF mutations were excluded due to 

oncogenic MAPK signaling activation which is parallel to the AKT pathway. MK2206 

was administered orally at 200 mg per week until unacceptable toxicity or 

progression. Response was assessed with repeat imaging every 2 months using 

Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1. Out of 18 

patients treated on the trial, 16 progressed and 2 had stable disease. Paired tumor 

biopsies and blood samples were collected at baseline and C1D15 for translational 

studies.68  



13 
 

 

 

 

 

 

 

 

 

Figure 3: Phase 2 clinical trial of MK2206 in previously treated metastatic colorectal cancer 

patients with PTENloss or PIK3CAmut. (A) Study schema. (B) Waterfall plot. 
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Patient sample collection:  

Tumor and blood samples were collected pre-treatment, 20 to 28 hours after 

MK-2206 dosing on Cycle 1 day 15, and optionally at the time of disease 

progression. Tumor samples were collected via an imaging-guided biopsy of a 

metastatic site. In most cases, biopsy was taken from liver metastases. At least 4 

fine need aspirations (FNAs) and 3 core biopsies were obtained. Three FNAs were 

immediately frozen in liquid nitrogen and then stored in -80°C for use in proteomic 

analysis using reverse phase protein array (RPPA). One FNA was placed in RNA-

later and then stored in -80°C for transcriptional profiling. Two core biopsies were 

immediately placed in formalin, and one core biopsy was immediately frozen in 

optimal cutting temperature (OCT) compound. Blood samples were collected by 

venipuncture, separated into peripheral blood mononuclear cells (PBMC) and 

platelet-rich plasma, and stored in -80°C in the presence of phosphatase and 

protease inhibitors. 

Patient derived xenograft model development and treatment: 

A PTENloss PDX model was generated from liver metastases biopsy of one of 

the patients in the MK2206 clinical trial, implanted subcutaneously into SCID mice. 

When the tumors reached 1.5 cm3, passage 2 tumor-grafts (F2) were established 

using 3 mm3 pieces implanted subcutaneously. The PDXs were treated by oral 

gavage with either MK2206 (n=12) or 30% Captisol carrier (n=12) thrice a week for 3 

weeks. MK2206 treatment was started at 120mg/kg, and dose reduced to 80 mg/kg 

with dose 5 due to weight loss. Treated PDXs showed slower tumor growth as 
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compared to controls, and a transient response best seen around day 8. All PDXs 

eventually progressed. On day 24, the mice were euthanized in CO2 chamber. 

Tumor tissues and blood were harvested. A portion of the tumor was immediately 

frozen in liquid nitrogen and then stored in -80°C for use in proteomic analysis using 

reverse phase protein array. A portion of the tumor was placed in formalin and later 

embedded in paraffin for immunohistochemistry. PDX development and mouse 

treatments were performed by a former post-doctoral fellow, Dr Jisu Oh, in Kopetz 

lab. All mouse work was performed in compliance with institutional guidelines and 

American Association for Accreditation of Laboratory Animal Care, U.S. 
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Figure 4: PTENloss Patient derived xenograft trial with MK2206 vs 30% Captisol control (12 

mice in each arm). Treated PDXs showed slower tumor growth as compared to controls, and 

a transient response best seen around day 8. All PDXs eventually progressed. (A) Study 

schema. (B) Response assessment. Error bars represent standard error of mean (SEM).  
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Cell line treatment: 

Three 3 cell lines were treated with MK2206: KM12L4, SW480 and MDA468. 

KM12L4 is a colon carcinoma cell line with MSI and PTENloss.69 SW480 is an MSS 

KRAS mutant colon adenocarcinoma cell line with intact PTEN.69 MDA468 is 

metastatic breast cancer cell line with absent PTEN protein expression.70 Cell lines 

were cultured in growth medium at 37°C with 5% CO2, passaged at 70% confluence 

with phosphate-buffered saline rinse and trypsinization. 5000 cells were suspended 

in 50 μL media with 0.1% DMSO, and co-cultured with 50 μL MK2206 in 96 well 

plate. Control was plated with 50 μL cell suspension and 50 μL media with 0.1% 

DMSO. Blank was plated with 100 μL media with 0.1% DMSO. Cell samples were 

collected at different time points for proteomic analysis. 

Reverse phase protein array (RPPA): 

Proteomic profiling was performed using RPPA through our functional 

proteomics core facility as previously described.71 RPPA used unique primary 

antibodies to assess expression levels of 290-305 proteins and phospho-proteins in 

each sample. Briefly, lysis buffer was used to lyse frozen tumor tissue, PBMCs and 

cells. Lysates’ protein concentrations were measured using bicinchoninic acid assay 

(BCA) and adjusted to 1 µg/µL concentration using lysis buffer. Lysates were then 

boiled with 1% SDS. Five 2-fold serial dilutions of lysates were prepared (undiluted 

to 1:16). Lysates were arrayed on nitrocellulose-coated slides, probed with 

antibodies by tyramide-based signal amplification approach, and visualized by DAB 

colorimetric reaction. Each antibody stained slide underwent quality control (QC) 
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tests, and a QC Score above 0.8 was considered good antibody staining. The slides 

were scanned, and staining was quantified on Array-Pro Analyzer. Relative protein 

levels for each sample was determined by interpolation of each dilution curve from 

the "standard curve" (supercurve) of the antibody-stained slide. Standard curve was 

constructed using SuperCurve R package, and values generated were defined as 

Supercurve Log2 (Raw) values. All the data points were normalized for protein 

loading and transformed to linear value, designated as "Normalized Linear". 

"Normalized Linear" values were transformed to Log2 values, and then median-

centered for analysis. 

Mouse Immunohistochemistry (IHC) for IGF1R:  

Mouse IHC was performed at Science Park Research Histology, Pathology 

and Imaging Core laboratory. Briefly, formalin fixed paraffin embedded mouse tumor 

tissue sections were deparaffinized and hydrated in xylene followed by graded 

alcohols (100%, 95% ETOH) to water. Endogenous peroxidase activity was blocked 

with 3% H2O2 in water for 10 minutes, then washed. Antigen was retrieved with 

1.0mM EDTA pH 8.0 in a microwave oven for 10 minutes under standardized 

conditions, cooled down for 20 minutes, then water washed. Non-specific antibody 

binding was blocked by incubating slides with Biocare Blocking Reagent # BS966M 

(Casein in buffer) for 10 minutes. Slides were drained and incubated with primary 

IGF-1R beta rabbit polyclonal antibody (Cell Signaling #3027) at a 1:200 dilution 

overnight at 4°C, and then buffer washed for five minutes, changing once. Slides 

were then incubated with Envision plus labeled polymer, anti-rabbit-HRP (Dako) for 
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30 minutes at room temperature, then buffer wash five minutes, changing once. 

Slides were incubated with Dako DAB monitoring staining development. Slides were 

then washed, counterstained, dehydrated, and made ready for viewing under the 

microscope. 

PTEN IHC: 

PTENloss is defined as complete loss of staining with preservation of 

expression of stromal components in whole mount slides. IHC for PTENloss was 

performed on 4µm FFPE tissue sections using a United States Clinical Laboratory 

Improvement Act (CLIA) assay at MD Anderson clinical IHC laboratory as previously 

described.72 Briefly, tissue sections were deparaffinized and rehydrated. Antigen 

retrieval was performed at 100 °C for 20 minutes with Tris-EDTA buffer, pH 6.0. 

Endogenous peroxidase was blocked with 3% peroxide for 5 minutes. Primary anti-

human PTEN antibody (Dako, clone 6H2.1, isotype IgG2a kappa) was applied at 

1:100 dilution and detected using a commercial polymer system (Bond Polymer 

Refine Detection, Leica). Staining development was achieved by incubation with 

DAB and DAB Enhancer (Leica).72 

IHC for immune markers: 

Immune infiltrates and checkpoints were evaluated using quantitative IHC for 

both center of tumor (CT) and invasive margin (IM) on primary CRC specimens at 

MD Anderson Cancer Centers’ Immunotherapy Platform. IHC staining was 

performed using primary antibodies to detect CD3 (all T cells), CD4 (helper T cells), 

CD8 (cytotoxic T cells), CD45RO (memory T cells), FOXP3 (regulatory T cells), 
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Granzyme B (activated T cells), CD20 (B cells), CD57 (NK cells), CD68 

(macrophages), immune checkpoints (ICOS, OX40, PD-1, PD-L1 epithelial cells, 

PD-L1 immune cells, VISTA, LAG3), and human leukocyte antigens (HLA immune 

cell, HLA epithelial cell). Slides were scanned using the scanscope system 

(Scanscope XT, Aperio/Leica), and analyzed using image analysis software 

(ImageScope-Aperio/Leica). Five random areas (at least 1 mm2 each) were 

selected, and scores for each marker were averaged over the areas analyzed.  

Percent of positive cells was calculated using a customized algorithm specific for 

each marker. Density of immune infiltrates was defined as the number of positive 

cells per mm3. H-score (0 to 300) was defined as the percentage of cells positive for 

membrane staining (0 to 100) multiplied by the staining intensity (0 to 3+).  

Gene expression analysis: 

Gene expression data was obtained for immuno-regulatory messenger RNAs 

(mRNA) using Agilent microarrays (Agilent Technologies, Santa Clara, CA, USA) at 

Clinical Laboratory Improvement Amendments accredited Agendia's laboratories. 

Briefly, RNAs were isolated from tumor containing areas in frozen tissue sections. 

After quality assessment, RNA was amplified, labelled and hybridized to the 

microarray. The following immune markers were assessed: angiogenesis markers 

VEGF, VEGFA, VEGFB and VEGFC; immune checkpoints ARG1, BTLA, C10orf54 

(VISTA), CTLA-4, PDCD1 (PD-1), CD274 (PD-L1), PDCD1LG2 (PD-L2), HAVCR2 

(TIM-3), TIGIT, IDO1 and IDO2; co-stimulatory molecules CD80 and ICOS; cytotoxic 

T cells CD8A, GZMA, GZMB and PRF1; NK cells CD244 (precursor) and CD160 

(peripheral blood); dendritic cells CD209 and CD207; macrophages CD14 and 



21 
 

CD68; human leukocyte antigens (HLAs) HLA-A, HLA-B, HLA-C, HLA-DMA, HLA-

DMB, HLA-DOA, HLA-DOB, HLA-DPA1, HLA_DRA, HLA_DRB1, HLA-DRB5, HLA-

E, HLA-F, HLA-G; and others B2M, CD1A. Data are shown as z-scores. 

Mutation profiling: 

DNA analysis for PIK3CA, BRAF, KRAS and other mutations was performed 

at MD Anderson Cancer Center using Sanger sequencing, mass spectroscopy-

based multiplex assay for hotspot regions in 11 genes (Sequenom), or Ion Ampliseq-

based next-generation sequencing for hotspot regions in 46 genes (Life 

Technologies). 

Patient Characteristics: 

Electronic medical charts of patients were reviewed to obtain gender, age at 

the diagnosis, tumor side, recurrence and other clinical parameters. Pathology 

reports were reviewed in electronic medical charts to obtain information on tumor 

grade, mucinous differentiation, lymphovascular invasion, perineural invasion and 

pathologic stage. For patients whose primary tumor was resected outside of MD 

Anderson, pathology review was obtained at MD Anderson. 

CT26 study: 

BALB/C-e mice were obtained from Charles River. One million CT26 cells 

were implanted on right flank. Treatment was started 48 hours after implantation and 

continued for 21 days. Copanlisib (SelleckChem, S2802) was administered via tail 

vein at 10 mg/kg twice a week. Anti-PD-1 (Biolegend, GoInVivo purified anti-mouse 
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CD279, Clone: 29F.1A12) was administered at 200 µg intraperitoneally twice a 

week. Controls were treated with IgG2a k isotype (Biolegend, Ultra-LEAF Purified 

Rat IgG2a k isotype, Clone: RTK2758) intraperitoneal and with copanlisib vehicle 

(PEG400 20% v/ 80% acidified water, pH 3.5, 0.1N). Mice were weighed and tumors 

measured at baseline, then weekly. On day 20, mice were euthanized in CO2 

chamber. Blood was collected via heart puncture and plasma was separated for 

freezing in -80 °C. Tumor tissue was harvested. A portion of the tumor was placed in 

formalin and later sent for paraffin embedding and multiplex IHC for immune 

markers. A portion of the tumor was placed in RNA later for RNA analysis, and a 

portion was immediately frozen in liquid nitrogen for proteomic profiling. 

Statistical Analysis: 

Aims 1 and 2: Protein levels from treated and untreated samples were 

compared by paired or student’s t-test, or ANOVA as applicable. Strength of 

relationship between change in levels of different PI3K-AKT signaling pathway 

proteins was assessed using Pearson correlation. A 2-sided test P < 0.05 was 

considered to be statistically significant. Data was analyzed in SPSS v. 23 and 

visualized using Tableau v. 9.2. Cross-correlation matrix was created using R studio.  

Aim 3: The demographic and clinical characteristics of patients are presented 

using descriptive statistics. Clinicopathologic data was examined for potential 

associations with PI3K pathway alterations. Patients were grouped by presence or 

absence of either PTENloss or PIK3CAmut. PTENloss and PIK3CAmut are not mutually 

exclusive and were collectively termed PI3K pathway alterations. MSI and MSS 



23 
 

tumors were analyzed separately. In the light of known differences in immune 

microenvironment of MSI and MSS tumors, analysis was focused on MSS CRC. 

Groups were compared using independent sample t test, Mann-Whitney U test, 

Wilcoxon signed rank test, Chi-square or Fisher’s exact test as appropriate. A 2-

sided test P < 0.05 was considered to be statistically significant. Data was analyzed 

in SPSS v. 23. Comparisons between groups were visualized using Tableau v. 9.2. 

Hierarchal clustering was performed on gene expression data in Cluster v. 3.0. 

Multivariate logistic regression analysis was performed for immune infiltrates, MSS 

status and PI3K pathway status.   



24 
 

Chapter III: Results 

Aim 1: Demonstrate pharmacodynamics inhibition of AKT pathway in tumor 

and surrogate tissue from a clinical trial of MK2206 in CRC 

 

Using RPPA, we investigated protein expression of PD markers of AKT 

inhibition in patients’ tumors, PDXs and cell lines. Analyzed samples included 15 

paired tumor biopsies from patients collected at baseline and at C1D15 of treatment 

with MK2206; 9 treated PDXs and 10 control PDXs; and 3 cell lines at 13 time-points 

during treatment with MK2206 (0 hours, 0.5 hours, 1 hour, 2 hour, 4 hour, 8 hour, 

days 1-7). 

As compared to cell lines, PD markers were inhibited to a lesser extent in 

PDXs and patients. Figure 5. 

Treated PDX mice had significant reduction in levels of AKT pS473, AKT 

pT308, FoxO3a pS318/S321 and p70-S6K pT389 as compared to controls (p <0.02 

for all). Other PD markers showed a non-significant decreasing trend. These include 

S6 pS235/S236, GSK3a/b pS21/9, 4E-BP1 pS65 and PRAS40 pT246. 

In patients’ tumors, there was a non-significant trend towards decrease in 

some of the PD markers after treatment, including AKT pS473, S6 pS235 S236, 

FoxO3a pS318 S321.  
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Figure 5: Change in protein expression of pharmacodynamic markers after AKT inhibition 

with MK2206 among patient tumors, patient-derived xenografts and cell lines. Cell line data 

is shown at 8 hours of treatment. Error bars represent standard error of mean.  



26 
 

In cell lines, a decrease in AKT pT308 and pS473 was observed within 30 

minutes of treatment, which was then sustained throughout treatment. PD inhibition 

of downstream markers of PI3K signaling S6 pS235/236 and S6 pS240/244 

continued to deepen significantly with treatment over time approaching 70% 

inhibition by day 7 (ANOVA p<0.01 for both). Figure 6. 

In 15 paired tumor biopsies of patients, the ratio of AKT pS473 to total AKT 

decreased to a median of 37.92% (IQ range -26% to -46%, maximum -64.6%). Four 

out of 15 patients (26.7%) had at least 50% inhibition of AKT pS473. 

Phosphorylation of AKT at site T308 was decreased to a lesser degree (median        

-5%, IQ range -40% to +6%). Only 1 patient had >50% decrease in phosphorylation 

at both sites relative to total AKT levels. Change in PD markers in patients’ tumors is 

shown in Figure 7. 
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Figure 6: Change in protein expression of pharmacodynamic markers of AKT inhibition in 

three cell lines (KM12L4, SW480, MDA468) at different time-points during treatment with 

MK2206. Error bars represent standard error of mean.  
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Figure 7: Change in protein expression of pharmacodynamic markers of AKT inhibition in 

patients’ tumors using paired biopsies at baseline and C1D15 of treatment with MK2206. 

Each column represents a patient.   

Median -37.9% 

(IQ range -26% to -46%) 

Median -26%  

(IQ range -36% to +99%) 

Median -26%  
(IQ range -35% to +31%) 

 

Median -16%  

(IQ range -11% to +8%) 

Median -5%  

(IQ range -40% to +6%) 

AKT pS437 AKT pT308 

FoxO3a pS318/321 S6 pS235/236 

S6 pS240/244 
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Correlation analysis of RPPA data from paired patient tumor biopsies showed 

several clusters (Figure 8). I examined the correlation between AKT pS473 levels 

and remote PD markers, such as p70-S6K1 in individual patients to look for 

sustained changes in the PI3K signaling (Table 2) As expected, there was a direct 

correlation between change in AKT pS473 levels and changes in downstream 

phosphorylated p70 and pS6 proteins levels. Furthermore, AKT pS473 levels also 

correlated inversely with IRS levels and the levels of phosphorylated receptor 

tyrosine kinases, namely pIGF1R and pHER2, consistent with the loss of feedback 

inhibition as has been described by other labs (Figure 9). AKT pT308 levels did not 

correlate with AKT pS473 levels or with the downstream PD markers, suggesting 

that it is not a reliable PD marker for MK2206.  

Interestingly, AKT pS473 had a significant inverse correlation with one PD 

marker, FoxO3a pS318/321. This suggests that adaptive changes induced by 

decrease in FoxO3a pS318/321 may be re-phosphorylating AKT S473. This is 

discussed in detail in Aim 2. 
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Figure 8: Correlation matrix of change in protein levels after AKT inhibition in CRC patients 

shows distinct clusters.  
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PI3K pathway 
proteins 

Pearson 
Correlation Co-

efficient ‘r’ P value 

AKT pT308 0.15 0.589 

S6 pS235/236 0.95 <0.001 

S6 pS240/244 0.80 <0.001 

p70 S6K1 0.89 <0.001 

p70 S6K pT389 0.68 0.006 

IRS1 -0.79 <0.001 

IGF1R pY1135/1136 -0.66 0.008 

HER2 pY1248 -0.73 0.002 

FoxO3a pS318/321 -0.71 0.003 

 

Table 2: Correlation between changes in levels of AKT pS473 and downstream PI3K 

signaling proteins in patients after treatment with MK2206. 
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Figure 9: Correlation matrix of change in levels of PI3K signaling proteins and receptor 

tyrosine kinases after AKT inhibition in CRC patients 

 

 

 

  

 
 

 
 

 
 

  
P

D
G

F
R

b
 

E
G

F
R

 

A
K

T
 p

T
3

0
8

 

V
E

G
F

R
2

 

H
E

R
3

 p
Y

1
2

8
9

 

A
K

T
 

IG
F

1
R

 

IR
b

 

H
E

R
2

 

A
K

T
 p

S
4

7
3

 

p
7

0
-S

6
K

 p
T

3
8

9
 

p
7

0
 S

6
K

1
 

S
6

 p
S

2
3

5
/2

3
6

 

S
6

 p
S

2
4

0
/2

4
4

 

IR
S

 

H
E

R
2

 p
Y

1
2

4
8

 

H
E

R
3

 

p
IG

F
1

R
 

F
o

x
O

3
a

 p
S

3
1

8
/3

2
1
 

F
o

x
O

3
a

 

PDGFRb 1 0.36 -0.29 0.44 0.28 0.52* 0.39 0.32 -0.13 -0.28 -0.37 -0.21 -0.3 -0.54* 0.09 0.35 0.38 -0.05 -0.21 -0.16 

EGFR 0.36 1 0.33 0.48 0.38 0.32 0.55* 0.17 0.14 -0.2 -0.09 -0.21 -0.42 -0.45 0.09 0.03 0.07 -0.29 -0.33 -0.03 

AKT pT308 -0.29 0.33 1 0.31 0.41 0.15 0.43 -0.06 0.15 0.15 0.42 0.13 0.05 -0.05 -0.13 -0.41 0.04 -0.24 -0.11 0.09 

VEGFR2 0.44 0.48 0.31 1 0.56* 0.68** 0.67** 0.52* 0.4 0.13 0.21 0.17 -0.01 -0.24 -0.24 -0.05 -0.03 -0.53* -0.45 -0.2 

HER3 pY1289 0.28 0.38 0.41 0.56* 1 0.81** 0.56* 0.43 0.4 0.21 0.27 0.11 0.19 -0.15 -0.19 -0.35 -0.18 -0.49 -0.42 -0.51 

AKT 0.52* 0.32 0.15 0.68** 0.81** 1 0.58* 0.67** 0.3 0.32 0.11 0.21 0.27 -0.16 -0.26 -0.26 -0.16 -0.58* -0.68** -0.39 

IGF1R 0.39 0.55* 0.43 0.67** 0.56* 0.58* 1 0.67** 0.54* 0.32 0.47 0.42 0.19 -0.03 -0.48 -0.2 -0.26 -0.73** -0.65** -0.48 

IRb 0.32 0.17 -0.06 0.52* 0.43 0.67** 0.67** 1 0.5 0.64* 0.33 0.66** 0.57* 0.34 -0.75** -0.42 -0.56* -0.8** -0.79** -0.68** 

HER2 -0.13 0.14 0.15 0.4 0.4 0.3 0.54* 0.5 1 0.52* 0.72** 0.65** 0.45 0.43 -0.47 -0.3 -0.68** -0.68** -0.54* -0.62* 

AKT pS473 -0.28 -0.2 0.15 0.13 0.21 0.32 0.32 0.64* 0.52* 1 0.68** 0.89** 0.95** 0.8** -0.79** -0.73** -0.76** -0.66** -0.71** -0.5 

p70-S6K pT389 -0.37 -0.09 0.42 0.21 0.27 0.11 0.47 0.33 0.72** 0.68** 1 0.7** 0.69** 0.69** -0.69** -0.52* -0.73** -0.71** -0.5 -0.48 

p70 S6K1 -0.21 -0.21 0.13 0.17 0.11 0.21 0.42 0.66** 0.65** 0.89** 0.7** 1 0.83** 0.78** -0.8** -0.63* -0.72** -0.63* -0.61* -0.63* 

S6 pS235/236 -0.3 -0.42 0.05 -0.01 0.19 0.27 0.19 0.57* 0.45 0.95** 0.69** 0.83** 1 0.86** -0.78** -0.67** -0.77** -0.58* -0.59* -0.54* 

S6 pS240/244 -0.54* -0.45 -0.05 -0.24 -0.15 -0.16 -0.03 0.34 0.43 0.8** 0.69** 0.78** 0.86** 1 -0.76** -0.62* -0.83** -0.43 -0.35 -0.5 

IRS 0.09 0.09 -0.13 -0.24 -0.19 -0.26 -0.48 -0.75** -0.47 -0.79** -0.69** -0.8** -0.78** -0.76** 1 0.71** 0.73** 0.78** 0.67** 0.68** 

HER2 pY1248 0.35 0.03 -0.41 -0.05 -0.35 -0.26 -0.2 -0.42 -0.3 -0.73** -0.52* -0.63* -0.67** -0.62* 0.71** 1 0.54* 0.54* 0.54* 0.48 

HER3 0.38 0.07 0.04 -0.03 -0.18 -0.16 -0.26 -0.56* -0.68** -0.76** -0.73** -0.72** -0.77** -0.83** 0.73** 0.54* 1 0.73** 0.6* 0.65** 

pIGF1R -0.05 -0.29 -0.24 -0.53* -0.49 -0.58* -0.73** -0.8** -0.68** -0.66** -0.71** -0.63* -0.58* -0.43 0.78** 0.54* 0.73** 1 0.88** 0.59* 

FoxO3a pS318/321 -0.21 -0.33 -0.11 -0.45 -0.42 -0.68** -0.65** -0.79** -0.54* -0.71** -0.5 -0.61* -0.59* -0.35 0.67** 0.54* 0.6* 0.88** 1 0.48 

FoxO3a -0.16 -0.03 0.09 -0.2 -0.51 -0.39 -0.48 -0.68** -0.62* -0.5 -0.48 -0.63* -0.54* -0.5 0.68** 0.48 0.65** 0.59* 0.48 1 

Pearson correlation P values (two-tailed): *<0.05, **<0.01 
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PD inhibition was also assessed in patient PBMCs as surrogate tissue using 

RPPA. RPPA was performed on 12 paired PBMC samples collected at baseline and 

either C1D15 or end of treatment with MK2206. Seven paired samples were 

available with collection at baseline and C1D15, and 9 paired samples were 

available with collection at baseline and end of treatment. Analysis of the cohort as 

whole, and separate analyses for patients with on-treatment paired samples, and 

end of treatment paired samples showed no change in protein expression of any of 

the PD markers. This may be due to degradation of phospho-proteins between time 

of collection and time of analysis, despite storage of PBMCs with phosphatase and 

protease inhibitors.  

 

Conclusion:  

MK2206 resulted in significant inhibition of PD markers in preclinical models 

but not in patients’ tumors, with a median decease in AKT pS473 of 37.9% in 

patients. The inverse correlation between AKT pS473 and downstream FoxO3a 

pS318/321 maybe reflective of partial AKT re-phosphorylation due to FoxO3a-

mediated adaptive changes. AKT pT308 did not correlate reliably with any other PD 

marker. No change in PD proteins was seen in patients’ surrogate tissue (PBMCs) 

likely due to degradation of phosphoproteins during sample storage.  
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Aim 2: Determine the mechanisms of adaptive resistance to AKT inhibition in 

PI3K activated colorectal cancer patients, patient derived xenografts and cell 

lines. 

 

RPPA analysis of changes in protein expression levels after treatment with 

MK2206 in patients, PDXs and cell lines revealed many similarities (Figure 10). 

Apart from decrease in several PD markers as described in results of Aim 1, there 

was upregulation of several receptor tyrosine kinases with MK2206. Treated PDXs 

had increased IGF1R, IR-b and HER3 levels (P<0.001 for all) with a nonsignificant 

rise in PDGFRb. In patients’ biopsies, IGF1R and PDGFRb expression increased 

significantly after two weeks of MK2206 treatment (P<0.05). In cell lines, IGF1R, IR-

b and HER3 levels were significantly upregulated with MK2206 treatment (P<0.05 

for all). Protein expression of IGF1R was significantly increased in all three model 

systems. Treatment with MK2206 did not results in significant change in expression 

of proteins in the parallel MAPK or JAK-STAT signaling pathways. These data were 

presented at 2018 ASCO Annual Meeting.73 
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Figure 10: RPPA analysis showed increase in protein expression of several receptor 

tyrosine kinases after AKT inhibition in patients, PDXs and cell lines.   
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RPPA results revealed statistically significant increase in protein expression 

of IGF1R after treatment with AKT inhibitor in patients, PDXs as well as cell lines. To 

validate these results, we performed immunohistochemical staining for IGF1R on 

tumors from PDX experiment. Increase in membranous staining for IGF1R was seen 

in PDXs treated with MK2206 as compared to control PDXs. Figure 11. 

 

 

 

 
 

 

   

 

 

 

 

Figure 11: Increased membranous staining of IGF1Rb beta in MK2206-treated PDX as 

compared to control PDX   

MK2206 Treated PDX Control PDX 
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When RPPA data from paired tumor biopsies of patients was analyzed within 

the assigned treatment cohort, the protein expression of IGF1R and HER2 was 

increased significantly in cohort A (PIK3CAmut, PTENany), and a trend towards 

increase was seen in cohort B (PTENloss, PIK3CAwild). A non-significant trend 

towards decrease in FoxO3a pS318 S321 levels was seen in both cohorts. Table 3. 

This analysis is limited by small number of patients included in each cohort, and 

some overlap of molecular characteristics across the two cohorts, which will be 

discussed next. 

Proteins 

Cohort A Cohort B 

Change from 
baseline 

P 
value 

Change from 
baseline 

P 
value 

IGF1R ↑ 0.03 ↑ 0.30 

IR-b ↑ 0.51 ↑ 0.48 

PDGFRb ↑ 0.23 ↑ 0.14 

HER2 ↑ 0.04 - 0.80 

HER3 ↓ 0.52 - 0.83 

EGFR ↑ 0.05 - 0.62 

VEGFR2 ↑ 0.17 ↓ 0.66 

AR ↑ 0.02 - 0.96 

AKT ↑ 0.09 ↑ 0.31 

FoxO3a pS318 S321 ↓ 0.10 ↓ 0.60 

IRS1 - 0.58 - 0.60 

IGF1R pY1135 Y1136 - 0.77 - 0.89 

HER2 pY1248 - 0.88 - 0.71 

HER3 pY1289 ↑ 0.14 - 0.86 
↑ Increase by >5%; ↓ Decrease by >5%; - No change 
Cohort A: PIK3CAmut, PTENany; Cohort B: PTENloss, PIK3CAwild 

 

Table 3: Changes in protein expression of receptor tyrosine kinases, phosphorylated 

FoxO3a and IRS1 after MK2206 treatment in colorectal cancer patients within the 

assigned treatment cohort. 
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Next, I looked at the molecular characteristics of patients in the two treatment 

cohorts (Table 4). In cohort A that enrolled patients with PIK3CAmut regardless of 

PTEN status, PTENloss by IHC was present in two patients. In cohort B that enrolled 

patients with PTENloss and PIK3CAwild, more comprehensive molecular analysis 

performed later (using 11 gene, 46 gene, 50 gene, or 409 gene next generation 

sequencing) revealed PIK3CAmut in 2 patients (exon 2 and exon 10). Four patients 

had mutations in MAPK signaling pathway including BRAFnon-V600E mutations and 

NRAS mutations. The pathologic significance of these NRAS and BRAFnon-V600E 

mutations was not known at the time of clinical trial enrollment and these patients 

were not excluded. Additionally, one patient was found to have two KRAS mutations, 

in the setting of tumor sequencing after treatment with EGFR inhibitor.  

Next, I analyzed the RPPA results of the two patients with stable disease (ID 

#13, #17) and one patient with stable disease in target lesions but development of 

new metastases on treatment (ID #18) in comparison with three patients on the 

other end of the waterfall plot with >70% progression by RECIST 1.1 (ID #12, #6, 

#9). No discernible patterns or differences were seen. Patient #6 had greater than 

50% inhibition of both AKT pS473 and pT308 relative to total AKT. All of these six 

patients had PTENloss. Two patients in the worst response group also had 

PIK3CAmut, the rest had PIK3CAwild. All patients had received at last 2 prior lines of 

treatment.  
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Abbreviations: CIMP = CpG island methylator phenotype; MSI = Microsatellite instability high;  MSS = 
Microsatellite stable; Unk = Unknown. 

 

 

  

Table 4: Molecular characteristics of patients in assigned treatment cohorts. 

ID Cohort PTEN PIK3CA Others CIMP 
MSI 

Status 
#2 A Intact T1025S (exon 20) None 0/5 MSS 
#4 A Intact E545K (exon 10) BRAF G466V 0/5 MSS 
#5 A Loss R88Q (exon 2) TP53 R273C 1/6 MSS 

#7 A Intact E545K (exon 10) NRAS G12C 2/6 Unk 
#8 A Intact E542K (exon 10) None 1/5 Unk 
#11 A Intact  E545K (exon 10) MET N375S, TP53 R213* Unk MSS 

#12 A Loss H1047R (exon 20) 
APC, PTEN fs,         

PTEN E7*, Rb1 E137* 
Unk MSS 

#1 B Loss Q546R (exon 10) 
NRAS G12V, TP53 
L194H, APC G1419* 

Unk MSS 

#6 B Loss Wild BRAF D594G 0/5 MSS 

#9 B Loss K111E (exon 2) APC, TP53 fs 0/6 MSS 
#13 B Loss Wild None Unk Unk 
#14 B Loss Wild None Unk MSS 

#15 B Loss Wild 

KRAS G13D, KRAS 

Q61H, TP53 R248W, 
APC, STK11 

2/6 MSS 

#17 B Loss Wild APC, SMAD4 Unk MSS 
#18 B Loss Wild TP53 R248Q Unk MSI 
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Next, I compared the RPPA analysis of PDX tumors and the corresponding 

patient’s tumor that was used to develop the PDX, and noted several similarities as 

shown in Table 5. 

PI3K pathway proteins 
Change from baseline 

Pt #1 PDXs 

IGF1R ↑ ↑ 
IR-b ↓ ↑ 

PDGFRb ↑ ↑ 
HER2 ↑ NA 

HER3 ↑ ↑ 
EGFR - - 

VEGFR2 ↓ - 
AKT ↑ - 

EGFR pY1173 ↑ - 
IGF1R pY1135/1136 ↑ - 

HER2 pY1248 ↑ ↑ 
HER3 pY1289 ↑ ↑ 

AKT pS473 ↓ ↓ 
AKT pT308 - ↓ 

FoxO3a pS318/321 ↑ ↓ 
S6 pS235/236 ↓ ↓ 

S6 pS240/244 ↓ ↓ 
IRS1 ↑ - 

↑ Increase by >5%; ↓ Decrease by >5%; - No change 
 NA = Not available 

Table 5: Change in receptor tyrosine kinases and pharmacodymanic markers of AKT 

inhibition in PDX tumors and the corresponding patient's tumor. 
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IGF1R is transcriptionally upregulated after AKT inhibition:  

A time-based analysis of cell lines showed that IGF1R upregulation began 

between 8-24 hours after treatment and continued to increase for up to 7 days 

(ANOVA, P<0.01). Figure 12. The rise in IGF1R levels after 8-24 hours is suggestive 

of transcriptional upregulation of IGF1R.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: IGF1R upregulation begins 8-24 hours after treatment with MK2206 in cell lines. 
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FOXO is a transcription factor for many genes involved in varied cellular 

processes. Phosphorylation of FOXO locks it in the cytosolic compartment and 

inhibits transcription of its target genes. Decrease in phosphorylation of FOXO after 

AKT inhibition allows its translocation to the nucleus where it activates 

transcription.27, 74 

To demonstrate this phenomenon, we performed immunohistochemistry for 

FOXO on tumors harvested from PDXs. Tumors from control PDXs exhibited 

cytoplasmic staining of FOXO, whereas those treated with MK2206 showed 

localization of FOXO staining to the nucleus. Figure 13. 
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         Control PDXs      MK2206-Treated PDXs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Increased nuclear staining and decreased cytoplasmic staining of FOXO in 

MK2206-treated PDXs as compared to control PDXs 
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Next, I hypothesized that nuclear localization of dephosphorylated FOXO 

results in transcriptional upregulation of RTKs. To test this hypothesis, I analyzed 

correlation between FoxO3a pS318/321 levels and levels of RTKs using RPPA data 

from paired patient biopsies. FoxO3a pS318/321 levels showed significant inverse 

correlation with IGF1R, IR-b and HER2 levels (Table 6, Figure 14). 

There was also an inverse correlation between decrease in phosphorylation 

of FoxO3a and increase in total AKT levels (r= -0.68, P=0.01), reflecting adaptive 

increase in AKT transcription to bypass the allosteric inhibition of pre-existing AKT 

with MK2206 (Figure 15). Subsequent phosphorylation of the newly formed AKT 

may have masked the overall PD inhibition of pAKT in patients. Hence, the decrease 

in phosphorylated FoxO3a levels correlated not only with increase in total AKT 

levels, but also with increase in AKT pS473 levels (r= -0.71, P=0.003).  

  
Receptor Tyrosine 

Kinase 

Pearson Correlation 

Co-efficient ‘r’ P value 

IGF1R -0.65 0.009 

IR-b -0.79 <0.001 

PDGFRb -0.21 0.459 

HER2 -0.542 0.037 

HER3 0.605 0.017 

EGFR 0.328 0.233 

VEGFR2 -0.45 0.095 

 

Table 6: Correlation between FoxO3a pS318/321 and change in receptor tyrosine 

kinases after AKT inhibition in metastatic colorectal cancer patients 
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Figure 14: As phosphorylation of FoxO3a decreases, levels of receptors tyrosine kinases 

start to rise. A significant inverse correlation was seen between levels of FoxO3a 

pS318/321 and IGF1R levels (A), and IR-b levels (B). Pearson correlation values are 

shown. 
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Figure 15: As phosphorylation of FoxO3a decreases, total AKT levels rise (A), 

and PI3K signaling also increases as shown by increase in AKT pS473 (B). 

Pearson correlation values are shown. 
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The change in total AKT levels directly correlated with the change in RTK 

levels, namely IGF1R, IRb and PDGFRb. Table 7, Figure 16. 

 
 

Receptor Tyrosine 
Kinase 

Pearson Correlation 
Co-efficient ‘r’ P value 

IGF1R 0.58 0.024 

IR-b 0.67 0.006 

PDGFRb 0.52 0.049 

HER2 0.3 0.279 

HER3 -0.16 0.58 

EGFR 0.32 0.249 

VEGFR2 0.69 0.005 
 

Table 7: Correlation between AKT levels and change in levels of receptor tyrosine 

kinases after treatment with MK2206. 

 

 

Figure 16: Protein levels of AKT directly correlate with protein levels of receptor tyrosine 

kinases (RTKs) namely IGF1R, IR-b and PDGFRb. Pearson correlation values are shown. 
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Next, I investigated if RTK induction was accompanied by RTK 

phosphorylation in patient samples. Change in IGFR1 expression levels after 

treatment with MK2206 had a significant negative correlation with change in 

phosphorylation of IGF1R (r -0.73, P<0.01). Figure 17. I also evaluated change in 

IGF1R phosphorylation relative to total IGF1R levels in patients. Again, a strong 

negative correlation was seen between change in relative IGF1R phosphorylation 

and IGF1R expression levels. Change in IGF1R levels also did not correlate with 

AKT pS473 levels, or levels of downstream signaling proteins. An antibody against 

phospho-IR was not included in the RPPA panel. However, IR levels showed a 

direct correlation with AKT pS473 (r = 0.64, p<0.01), p70 S6K1 (r = 0.66, P<0.01) 

and S6 pS235/236 (= 0.57, P<0.05). No correlation was seen between HER3 and 

phospho-HER3 levels (r = -0.3), as shown in Figure 9. 

 

 

Figure 17: Inverse correlation between expression levels of IGF1R and IGF1R pY1135/1136. 

  



49 
 

So far, I have shown that decrease in FoxO3a pS318/321 levels correlate 

significantly with increase in several RTKs, increase in total AKT, and increase in 

AKT pS473 levels. If AKT phosphorylation and signaling had increased secondary to 

FOXO mediated induction of RTK and AKT, then we would expect a decrease in IRS 

levels and RTK phosphorylation through the S6K feedback loop. That is to say, that 

a decrease in FoxO3a pS318/321 levels would be accompanied by a decrease in 

IRS levels. Indeed, we observed this in our RPPA data from paired tumors of 

patients. There was a direct correlation between pFOXO and IRS-1 (r=0.672, 

p=0.006). Hence, this suggests that loss of inhibition of one feedback loop activates 

the other feedback loop. In other words, AKT inhibition with MK2206, would result in 

loss of inhibition of one of the two feedback mechanisms, but not both. Close 

examination of the two feedback loops in paired tumors of individual patients 

showed increase in either IRS1 or RTKs (IGF1R, IR-b) in most patients, consistent 

with this hypothesis (Table 8). 

Also, the feedback inhibition of IRS1 by phosphorylated S6K was 

demonstrated in our dataset as expected. The phosphorylation of receptor tyrosine 

kinases such as IGF1R and HER2 also had a direct correlation with IRS1 and 

correlated inversely with phosphorylated S6K (Table 9). 
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Patient IRS1 

FoxO3a 
pS318/321 IGF1R IR-b 

#18 69.1% 46.4% 161.6% 375.7% 

#11 76.2% 87.2% 148.9% 146.2% 
#2 98.5% 77.8% 103.8% 201.6% 

#6 95.1% 82.0% 188.3% 271.2% 

#4 100.8% 82.5% 108.6% 152.2% 

#13 97.2% 85.6% 147.7% 211.2% 
#9 92.7% 103.6% 115.6% 122.5% 

#5 105.1% 89.2% 108.1% 114.6% 

#7 131.1% 89.2% 146.4% 63.2% 

#1 126.7% 110.1% 126.7% 91.7% 
#8 135.0% 105.7% 110.8% 84.2% 

#15 138.5% 102.3% 92.2% 50.9% 

#17 125.7% 130.7% 73.9% 86.1% 

#14 108.4% 121.3% 70.4% 47.3% 
#12 96.5% 110.5% 112.3% 79.3% 

 

Table 8: Heatmap of feedback loops in PI3K signaling in individual patients’ tumors 

shows loss of feedback inhibition of only one of the two feedback loops in most 

patients.  

 
 

PI3K Pathway Protein 
Pearson Correlation 

Co-efficient ‘r’ 
P value 

S6 pS235/236 -0.78 0.001 

S6 pS240/244 -0.76 0.001 

p70 S6K1 -0.80 <0.001 

p70 S6K pT389 -0.69 0.004 

IGF1R pY1135/1136 0.78 0.001 

HER2 pY1248 0.71 0.003 

 

Table 9: Correlation between changes in IRS1 levels and other protein levels in 

patients’ tumors after treatment with MK2206.  
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Conclusions 

Allosteric AKT inhibition with MK2206 in metastatic CRC induces FoxO3a 

mediated adaptive upregulation of receptor tyrosine kinases, namely IGF1R but also 

HER3 and IR, which possibly reactivates AKT signaling. Only IR levels correlate 

significantly with phosphorylation of PI3K signaling proteins. In patients, loss of 

feedback suppression of one feedback loop seems to activate the other feedback 

loop. A three model systems (cell lines, PDXs and patient samples) approach allows 

in-depth investigation of adaptive resistance mechanisms and highlights rational 

combination therapies for future clinical trials.  
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Aim 3: Evaluate the impact of PI3K activating alterations on immune 

landscape of colorectal cancer, and design a therapeutic intervention to 

improve the immune microenvironment. 

 

For Aim 3, we evaluated primary tumor resection specimens from 94 early 

stage CRC patients. Out of these 94 patients, PI3K pathway alterations were 

present in 27 (28.7%) patients. Out of these 27 patients, 16 patients had PIK3CAmut, 

12 patients had PTENloss and 1 patient had both. Since PIK3CAmut and PTENloss 

were not mutually exclusive, these were grouped as PI3K pathway-altered CRC for 

initial analysis. IHC data was available for 59 patients, and mRNA data was 

available for 73 patients. 

The baseline characteristics of patients included in early stage CRC cohort 

are shown in Table 10. MSS CRC patients with PI3K pathway alterations (18 out of 

73, 24.7% of MSS patients) were more frequently associated with CMS1 subtype 

(31.3% vs 3.9%, P<0.001) and right colon (72.2% vs 32.7%, P=0.003). 
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Characteristics 

PI3K Pathway Alteration 
P 

value 
Present  Absent 

N % N % 

 N 27 28.7 67 71.3   

 Age Median (range) 70 37-84 64 38-94 0.61 

 Male Gender 12 44.4 26 38.8 0.61 

 Right Colon  21 77.8 29 43.3 0.002 

 MSI Status      
Stable 18 66.7 55 82.1 

0.17 
High 9 33.3 12 17.9 

 CMS       

1 12 50 13 20.6 

<0.001 
2 2 8.3 32 50.8 

3 5 20.8 5 7.9 

4 5 20.8 13 20.6 

 Stage      

2 11 40.7 38 56.7 
0.18 

3 16 59.3 29 43.3 

 KRAS       

Mutant 9 42.9 21 39.6 
1.0 

Wild 12 57.1 32 60.4 

 BRAF       

Mutant 7 33.3 12 23.1 
0.39 

Wild 14 66.7 40 76.9 
 

Table 10: Baseline characteristics of patients in early stage CRC cohort (N=94) 
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Early stage CRC with PI3K pathway alterations also had increased frequency 

of peritumoral lymphocytes on manual pathology assessment as compared to 

tumors without PI3K alterations (P=0.04, Figure 18). While peritumoral lymphocytes 

were increased in early stage MSS CRC with PI3K pathway alterations (P=0.031), 

this association was not seen in PI3K-altered MSI tumors. On multivariate logistic 

regression analysis, PI3K pathway alterations significantly increased peritumoral 

lymphocytes independently of microsatellite status (OR 3.6, 95% CI 1.06-12.24, 

P=0.04).  

 

 

 

 

 

 

 

Figure 18: Increased peritumoral lymphocytes in PI3K-altered CRC 
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Quantitative immunohistochemical analysis 

The IHC cohort of 59 pts (40 MSS, 19 MSI) included 23 (39%) pts with PI3K 

pathway alterations.  

Increased immune engagement in PI3K-altered MSS CRC: We observed 

greater median densities of all immune infiltrates at the invasive margin of primary 

CRC as compared to the center of the tumor (P<0.01 for all, Figure 19). MSS tumors 

showed a trend towards decreased density of CD8+ cells at CT and CD8+ cells at IM 

as compared to MSI CRC. Further analysis of MSS CRC showed that as compared 

to tumors without PI3K pathway alterations, center of PI3K-altered MSS CRC had 

significantly increased median densities of CD3+, CD8+, CD45RO+, and CD57+ cells 

(P<0.05 for all, Figure 20). PI3K altered MSS CRC patients also had increased 

CD45RO+ cells at the IM (P=0.04). We did not observe an association among PI3K 

pathway alterations and the densities of CD4+, CD20+, FOXP3+, and CD68+ cells at 

CT or IM; or of CD8+ and CD57+ cells at IM. These data are shown in Figure 20. 

No differences were seen in density of immune infiltrates among MSI primary 

CRC in presence or absence of PI3K pathway alterations (data not shown). 
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Figure 19: Density of immune infiltrates in primary CRC. (A) All cases. Wilcoxon 

signed-rank test P values are shown at 5% level of significance (B) Analysis by 

microsatellite stability status. Mann Whitney U test P values are shown at 5% level 

of significance. MSI, Microsatellite instability high. MSS, Microsatellite stable. 
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Figure 20: Density of immune infiltrates in microsatellite stable primary CRC by PI3K pathway 

alteration status. Mann-Whitney U test P-values at 5% level of significance are shown. 
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Next we grouped the densities of any two of CD3+, CD8+ and CD45RO+ cells 

at center of tumor (CT) and any two of the above-mentioned immune infiltrates at 

invasive margin (IM) into an immune density score ranging from 0-4. A score of 0 

implied no high-density immune cells at CT and IM, and a score of 4 implied two 

high density immune infiltrates at CT and two high density immune infiltrates at IM. 

Median densities were used as the cut off for high or low. A T cell density higher 

than median density was categorized as high. The scoring methodology was derived 

from previously described immunoscore by Galon et al.75 However, as our 

immunohistochemical staining and quantification methodology is different, our 

immune density score is not comparable to the previously reported immunoscore. 

Most early stage MSS CRC with PI3K pathway alterations (11/14, 78.6%) had an 

immune density score of 3 or 4 as compared to 9/26 (34.6%) PIK3CAwild PTENintact 

CRC (P=0.019, Figure 21). There was no association between immune density 

score of MSI tumors and PI3K pathway alterations.  

 

Figure 21: PI3K alterations are more frequent among microsatellite stable colorectal cancer 

with high immune density score of 3 or 4. 
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Increased immune checkpoint expression by IHC in PI3K-altered CRC: 

As seen with immune infiltrates, expression of all immune co-stimulatory and 

inhibitory checkpoint markers was higher at the invasive margin of tumors as 

compared to the center (P<0.05 for all). The center of PI3K-altered MSS CRC had 

increased median percentage of cell staining positive for PD-1, PD-L1 on epithelial 

cells, VISTA and LAG-3 expression by IHC as compared to MSS CRC without PI3K 

alterations (P<0.05 for all). In addition, HLA expression was increased on epithelial 

cells at the center of tumor among PI3K-altered CRC (P=0.03). There was no 

difference in the expression of co-stimulatory molecules (ICOS and OX40) in 

presence or absence of PI3K pathway alterations in early stage CRC, irrespective of 

microsatellite status. These data are shown in Figure 22. 
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Figure 22: Quantitative IHC for immunomodulatory proteins shown increased checkpoint 

expression among MSS CRC with PI3K pathway alterations. Abbreviations: ep, epithelial 

cell; im, immune cell.   
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Subgroup analysis of PIK3CA mutant CRC: I further analyzed quantitative 

IHC data for MSS CRC with PIK3CAmut (n=7) and PTENloss (n=7) separately, 

excluding 1 case in which both alterations were present (Figure 23). There was an 

increase in median densities of CD3+ cells [1112 (IQ range 865-1421) vs 435 (IQ 

range 300-744) cells/mm3; P=0.037] and CD8+ cells [554 (IQ range 331-1200) vs 

185 (IQ range 60-473) cells/mm3; P=0.037], and a trend towards increase in 

CD45RO+ cells at the center of PIK3CAmut MSS CRC as compared to PIK3CAwild. 

There was also a significant increase in median percentage of cells staining positive 

for granzyme B at the center of PIK3CAmut MSS CRC as compared to PIK3CAwild 

(2.4% vs 0.8%, P=0.04). There was no difference in densities of immune infiltrates or 

percentage of cells staining positive for granzyme B among PTENloss as compared to 

PTENintact MSS CRC. These data were presented at 2019 ASCO Annual Meeting.76 

IHC analysis of immunomodulatory proteins showed that PIK3CAmut MSS 

CRC had significantly higher median percentage of cells expressing PD-L1 (on 

epithelial cells as well as on immune cells) and LAG3 (P<0.05 for all), and a trend 

towards higher VISTA and PD-1 positive cells at the invasive margin as compared to 

PIK3CAwild. Similarly, at the center of the tumor, PIK3CAmut MSS CRC had higher 

percentage of PD-1 positive cells (P=0.02), and a trend towards higher PD-L1, 

VISTA and LAG3. PTENloss MSS CRC had significantly higher HLA expression at 

the invasive margin as well as center of the tumor as compared to PTENintact, while a 

trend towards increase in several checkpoints was seen at the center of the tumor. 

These data are shown in Figure 24. Again, these changes in immune infiltrates and 

checkpoints were not seen among MSI CRC.  
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Figure 23: Increased T cell engagement is seen in PIK3CAmut, but not in PTENloss MSS 

primary CRC. (A) Median density of T cell infiltrates at the center of the tumor. (B) Median 

percentage of cells staining positive for granzyme B (Gr-B) at the center of the tumor (CT). 

  

(A) 

(B) 
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Figure 24: IHC expression of immunomodulatory proteins among PIK3CAmut (A) and 
PTENloss (B) MSS primary CRC.  
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Immune signature of PI3K-altered CRC using Agilent Microarray 

 The mRNA cohort of 73 patients included 16 (22%) with PI3K pathway 

alterations. Among all cases, PI3K-altered CRC had higher mRNA expression of 

PD-L1 (P=0.031). Alternate checkpoints were also increased in patients with PI3K 

pathway alterations, including CTLA4, TIM3, and TIGIT (P<0.05 for all). Among MSS 

CRC patients, PI3K pathway alterations were associated with higher mRNA 

expression of PD-L1 (P=0.046) and TIGIT (P<0.001) as shown in Figure 25. 

Similarly, mRNA expression of several HLA genes (HLA-B, HLA-DMA, HLA-DMB, 

HLA-DRA, HLA-DRB1) was higher in MSS CRC with PI3K pathway alterations 

(P<0.05 for all). 

 

 

 

 

Figure 25: Analysis of mRNA data showed higher expression of immune checkpoints among 

PI3K altered primary CRC. MSS = Microsatellite stable. 
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Hierarchal clustering analysis of mRNA data showed that the immune 

signature of PI3K-altered MSS CRC clustered with that of CMS1 and CMS4 tumors 

(Figure 26). These data were presented at 2018 ASCO Gastrointestinal Cancers 

Symposium.77 

 

 

Figure 26: Hierarchal clustering analysis of top 20 differentially expressed genes in MSS 

CRC with and without PI3K alterations. 
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Outcomes on immunotherapy among PIK3CA mutant CRC patients: 

Increased cytotoxic T cell infiltration and PD-L1 expression have been 

reported to be independent predictors of response to immunotherapy.53 As my 

results showed higher cytotoxic T cell infiltration and PD-L1 expression among 

PIK3CAmut MSS CRC patients as compared to PIK3CAwild, I evaluated outcomes 

with immunotherapy among MSS CRC patients by PIK3CA mutation status (Figure 

27). Out of 43 MSS CRC patients enrolled in 7 immunotherapy trials, PIK3CAmut 

were present in 8/43 (18.6%) patients (E545K, 3; G118D, 2; E545A, 1; E542K + 

H1047R, 1; and Q546K, 1). Clinical benefit (CB) was defined as CR, PR, or SD of 24 

weeks. Half (4/8) of PIK3CAmut patients derived CB from immunotherapy as 

compared to 3/35 (8.6%) PIK3CAwild patients (P=0.015). PIK3CAmut patients had 

trend towards longer time to progression (TTP, 3.8 vs 2.1 months, P=0.08). CB or 

TTP did not differ by colon sidedness, monotherapy / combination therapy, number 

of mutations, or mutations in other key genes (APC, SMAD4, TP53, KRAS, NRAS or 

BRAF). These data were presented at 2019 ASCO Annual Meeting.76  

For validation, I also evaluated outcomes on phase I immunotherapy trials 

among 27 MSS adenocarcinoma patients (Figure 28). Breast, colon and esophageal 

cancers were the most common cancers with 7, 5 and 3 patients, respectively. 

Activating PIK3CAmut were present in 7/27 (26%) patients (H1047R, 3; E545K, 2; 

E542K, 1; R88Q + K111N, 1). Patients with activating PIK3CAmut had trend towards 

longer median time to treatment failure as compared to PIK3CAwild patients (6.6 vs. 

3.1 months, P=0.1). Similarly, 3/7 (42.9%) patients with PIK3CAmut had stable 

disease > 6 months as compared to 2/20 (10%) patients with PIK3CAwild (P=0.09).   
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Figure 27: Outcomes on immunotherapy clinical trials among MSS CRC patients  

(A) Clinical benefit. (B) Time to progression. (C)  Swimmer’s plot and molecular profile. 

(A) (B) 

(C) 
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Figure 28: Outcomes with immunotherapy among MSS adenocarcinoma patients (A) 

Clinical benefit. (B) Time to progression. (C)  Swimmer’s plot and molecular profile. 

 



69 
 

Synergism between PI3K inhibition and immunotherapy: 

Next, I investigated synergism between PI3K inhibition and immunotherapy using a 

pan-PI3K inhibitor, copanlisib, in a CT26 model model (Figure 29). With 10 mice in 

each treatment arm, I showed that combination therapy resulted in greatest 

reduction of tumor volume as compared to either drug alone. 

 

Figure 29: Synergism between anti-PD1 and PI3K inhibitor in CT26 mouse model of CRC 

(N=40). Error bars represent standard error of mean. 

 

Given similar in vivo evidence of synergism in other tumors 62, 67, I wrote the protocol 

of an NCI CTEP-sponsored phase Ib/II biomarker-based study of PI3K inhibitor 

(Copanlisib) in combination with immunotherapy (Nivolumab ± Ipilimumab) in 

patients with advanced solid cancers, under mentorship of Dr Timothy Yap 

(NCT04317105). Several translational correlatives are built into this protocol for 

further investigation of immunomodulatory changes associated with combined PI3K 

and checkpoint inhibition. 
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Conclusion:  

PI3K pathway alterations are associated with an immunologically distinct 

subset of early stage MSS CRC with a prevalence of 25%. These tumors are 

characterized by increased immune engagement, but also up-regulation of key 

immune checkpoints resulting in an overall ineffective immune microenvironment. 

More specifically, PIK3CAmut MSS CRC have increased cytotoxic T cell infiltration, 

higher checkpoint expression, and greater clinical benefit from immunotherapy. The 

immune signature of PI3K-altered MSS CRC tumors clusters with that from CMS1 

and CMS4 tumors, which are the most inflamed subgroups. Finally, there’s evidence 

of in vivo synergism between PI3K inhibition and immunotherapy. 

 

  



71 
 

Chapter IV: Discussion 

PI3K signaling pathway alterations, PIK3CAmut and PTENloss, are common 

and present in upto 40% of CRC patients. Targeted therapy with PI3K-AKT pathway 

inhibitors has been ineffective in CRC, including a phase II clinical trial of AKT 

inhibitor, MK2206, in biomarker-selected CRC patients conducted at MD Anderson. 

An in-depth understanding of target inhibition with the drug, as well as molecular 

perturbations in cell signaling that occur in response to AKT inhibition in CRC is 

important for the development of more effective treatment combinations. A huge 

recent success in CRC therapeutics is the development of immunotherapy for MSI 

CRC patients, and there’s growing interest in immuno-oncology efforts to increase 

immune responsiveness in other CRC subsets. The immunomodulatory effects of 

PI3K pathway alterations have been reported in other cancers and have yet to be 

investigated in CRC. My thesis aims to investigate the molecular basis for clinical 

inactivity of AKT inhibition in metastatic CRC and to determine the tumor immune 

microenvironment of primary CRC with PI3K pathway alterations. The results lead to 

further hypothesis generation for new clinical trials using synergistic targeted therapy 

combinations as well as immunotherapy-based approaches for CRC patients with 

PI3K pathway alterations. 

 
Aim 1: Demonstrate pharmacodynamics inhibition of AKT pathway in tumor 

and surrogate tissue from a clinical trial of MK2206 in CRC 

 
Despite encouraging results with new drugs in preclinical experiments and 

phase I trials, few drugs show promise in subsequent stages of drug development. 
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With a targeted therapy such as AKT inhibitor, that is aimed at blocking transmission 

of signaling down the PI3K pathway, it is important to determine whether the signal 

was adequately inhibited with the drug at the dosing regimen used. We used reverse 

phase protein array to determine changes in protein expression of PD markers of 

AKT inhibition on cycle 1 day 15 as compared to baseline in paired patient samples 

from a clinical trial of MK2206 in metastatic CRC patients with PIK3CAmut or 

PTENloss. We also studied PD inhibition with MK2206 in preclinical models, including 

cancer cell lines and PDXs. 

In our study, among 15 patients with paired tumor biopsies, phosphorylation 

of AKT was decreased by a median of -37.9% at S473 (IQ range -26% to -46%) and 

by -4.8% at T308 (IQ range -40% to +6%) relative to total AKT levels. None of the 

patients in our study had 70% inhibition at either site. In previously published 

preclinical studies, 56.8 nmol/L drug concentration in whole blood was required for 

70% inhibition of AKT S473 and was associated with antitumor activity. In the first-in-

man phase I trial in advanced solid cancers, MK2206 at maximum tolerated dose of 

60 mg oral dosing on alternate days inhibited AKT pS473 by a median of 88.8% in 

tumor tissue, and decreased PRAS40 pT246 by 48% in normal tissue (hair follicles). 

The average steady-state trough levels of MK-2206 in blood were higher than 56.8 

nmol/L that were required to achieve 70% PD inhibition of AKT pS473.78 Due its long 

half-life of 60-80 hours, a subsequent phase I study established 200 mg oral weekly 

as the maximum tolerated dose of MK2206, which is the dose used in our phase II 

clinical trial in CRC patients.79 At this dose, mean 48 hour trough plasma 

concentration was 187 nmol/L; and in 5 patients with paired tumor biopsies, AKT 
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pS473 decreased from 37.5%–60.3% of baseline (mean 50% decrease).79 

Consistent with the results of our study, other phase II clinical trials of MK2206 in 

different tumor types have also reported less and insignificant decrease in 

phosphorylation of PD markers than that seen in phase I trials.80-82 

Our analysis showed that changes in protein levels of AKT pS473 in patients’ 

tumors showed the expected correlation with downstream PD markers, whereas 

changes in AKT pT308 did not. Hence, AKT pS473 seems to be a more reliable PD 

marker for MK2006. Inhibition of phosphorylation at both S473 and T308 is needed 

for complete inhibition of AKT signaling. In our study, inhibition of downstream PD 

markers in patients was less than that of AKT pS473. This is likely due to incomplete 

AKT inhibition as minimal change in AKT pT308 levels was observed in our study. 

Higher MK2206 concentrations maybe needed to inhibit AKT pT308 and 

downstream PD markers as suggested by other studies.83 

In our study, blood and tumor samples were collected 20 to 28 hours after 

MK-2206 dosing on cycle 1 day 15, to allow for sampling after maximum plasma 

concentration had been achieved and sustained for a few hours. In phase 1 clinical 

trial, the median time to plasma concentration was reported to be 4-6 hours with 

weekly dosing, and the inhibition of phosphorylation was sustained for at least 96 

hours.79 Hence our sample collection was adequately timed for assessment of PD 

effects of the drug. 

We noted increase in phosphorylation of several PD markers in some patients 

on our clinical trial of MK2206. One patient had 529% increase from baseline in 

phosphorylation of S6 at both S235/236 and S240/244 sites. This patient also had 
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the greatest decrease in FoxO3a pS318/321 levels by 53.6% and the greatest rise in 

IR-b of 275.7%, which is suggestive of pathway reactivation through disruption of 

feedback loop. The pattern was not as clear in other patients. Paradoxical 

hyperphosphorylation of AKT regulatory sites (S473 and T308) was reported with 

ATP-competitive AKT inhibitor in cells.84 This was found to be directly mediated by 

inhibitor binding to the ATP site of AKT which promoted its membrane localization, in 

absence of feedback loop dysregulation.84 MK-2206 is an allosteric AKT inhibitor, 

and has been shown to inhibit autophosphorylation of AKT S473 and T308 in cell 

lines by inducing a conformational change in AKT.85   

Our analysis of PD markers in peripheral blood mononuclear cells used as 

surrogate tissue did not show any changes after treatment with MK2206. One 

possible reason for this is degradation of phosphoproteins during storage.  

In line with prior preclinical models, our PDX model derived from a patient 

included in our clinical trial showed significant decrease in AKT pS473, AKT pT308, 

FoxO3a pS318/S321 and p70-S6K pT389 as compared to controls (p <0.02 for all). 

The differences between our results of PD inhibition in mice and in humans maybe 

due to host or tumor characteristics that limit drug delivery to the tumor in patients.  

Future Directions: Further studies are needed to understand host and tumor 

factors that limit intratumoral drug delivery in patients and account for discrepancy in 

preclinical and clinical pharmacodynamics. The search continues for drugs with 

greater therapeutic window to allow higher doses needed for inhibition of target and 

downstream signaling in the tumor. There are inherent limitations of RPPA that also 

apply to our study. The RPPA is performed on frozen biopsy samples and the ratio 
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of tumor to normal tissue may differ between samples. Other MK2206 clinical trials 

have utilized the same RRPA core lab for PD assessment and obtained results 

similar to that of RPPA by other means such as immunohistochemistry and 

immunoblotting.80, 82 The limited amount of tumor tissue obtained from paired patient 

biopsies in our clinical trial is currently being used to investigate immunomodulatory 

effects of AKT inhibition in CRC; and if there is tissue left after immune analysis, we 

can confirm our RPPA results with focused IHC staining for AKT pS473.  

 

Aim 2: Determine the mechanisms of adaptive resistance to AKT inhibition in 

PI3K activated colorectal cancer patients, patient derived xenografts and cell 

lines. 

 

Cells contain an intricate network of signaling pathways that are 

interconnected at different levels. Targeted inhibition of one protein triggers changes 

in expression or functioning of a number of other proteins, often producing 

unanticipated results. We have performed an in-depth analysis of adaptive 

resistance to AKT inhibition using reverse phase protein array on treated and 

untreated tumor samples from patients, PDXs and cell lines. Our results showed that 

allosteric AKT inhibition increased nuclear localization of FOXO, which resulted in 

induction of several receptor tyrosine kinases, and rephosphorylation of AKT pS473. 

Levels of IGF1R were significantly upregulated in all three models, whereas IR and 

HER3 levels were significantly increased in our preclinical models. Only IR levels 

correlated with phosphorylation of PI3K signaling proteins. We further showed that 
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disruption of one feedback loop after AKT inhibition activated the other feedback 

loop in most patients. 

Using immunohistochemistry on PDX tumors, we showed that AKT inhibition 

results in nuclear localization of FOXO. FOXO is family of transcription factors for a 

variety of genes. When phosphorylated by AKT, FOXO proteins are sequestered in 

cytoplasm and prevented from translocating to the nucleus to carry on their 

function.27, 74 Chandarlapaty et al showed in BT-474 cells, that FOXO knockdown 

markedly decreases AKT inhibitor induced induction of IGF1R, IR and HER3 

mRNAs. This effect is most potent with the knockdown of FoxO3 isoform. Using 

chromatin immunoprecipitation (ChIP) assays, they further showed binding of FOXO 

proteins to the promoters of these three receptors in BT-474 cells.26 Similarly, other 

studies have also shown that inhibiting FoxO3a diminishes induction of IGF1R, IR, 

and HER3 mRNAs after AKT inhibition in breast cancer cell lines.42, 43 Our results 

also show an increase in total AKT levels after MK2206 treatment which correlate 

inversely with FoxO3a phosphorylation, suggesting that FoxO3a may also be a 

transcriptional promoter for AKT induction which warrants confirmatory studies. 

Upregulation of AKT3 expression has also been reported in breast cancer cell lines 

resistant to MK2206 treatment, mediated epigenetically by bromodomain and 

external terminal domain (BET) proteins.86 

We showed significant upregulation of IGF1R after AKT inhibition in patients, 

PDXs as well as cell lines, which is consistent with other published studies in breast 

and ovarian cancer cell lines.26, 43, 87 Our analysis of preclinical models showed 

significant induction of IR and HER3 in addition to IGF-1R after AKT inhibition, which 
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corroborates with results of other preclinical models of cancer from other labs.26, 42, 43 

Our RPPA analysis from paired patient tumor biopsies showed higher expression of 

PDGFR after MK2206 treatment as compared to baseline that was approaching 

statistical significance. Induction of PDGFRa, alongwith induction of IGF-1R and IR, 

has been shown in a non-transformed breast epithelial cell line after AKT inhibition.26 

Induction of PDGFR in our post-treatment patient samples but not in our CRC PDX 

and tumor cell lines samples maybe reflective of normal tissue presence in frozen 

patient biopsy specimens submitted for RPPA. It is also possible that PDGFR maybe 

another transcriptional target of FOXO.  

An interested finding in our patient analysis is that only one feedback loop 

appeared to be active at a time. It has been shown previously by other labs that 

mTOR inhibition with rapamycin increases phosphorylation of FOXO isomers. 26 

Here I have shown that FOXO mediated RTK induction and pathway reactivation 

correlates directly with increased S6K phosphorylation and indirectly with decreased 

IRS1 levels as well as decreased phosphorylated RTK levels. How RTK 

phosphorylation is suppressed by mTORC1/ S6K feedback loop is not entirely clear. 

Hence, our RPPA results from patients show an inverse correlation between IGF1R 

levels and phosphorylated IGF1R levels. While Chandarlapaty et al have shown that 

RTK induction after AKT inhibition was mostly accompanied by receptor 

phosphorylation, they also showed that FOXO silencing significantly decreased RTK 

phosphorylation after AKT inhibition, suggesting that increase in RTK 

phosphorylation maybe the result of mTORC1 inhibition.26 In our study, we did see a 

direct correlation between IR levels and AKT pS473, which maybe mediating 
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pathway reactivation. It is also possible that AKT re-phosphorylation is a composite 

effect of signaling through several RTKs, and not one individual RTK. Another study 

has shown in renal cancer cells using ChIP analysis that RICTOR (a component of 

mTORC2, which phosphorylates AKT pS473) is also under transcriptional control of 

FoxO1 and FoxO3, and contribute to AKT re-phosphorylation.88  

Our results suggest further investigation of IGF1R inhibition along with PI3K-

AKT inhibition in the treatment of PI3K-altered CRC patients, as has shown promise 

in preclinical studies in other tumor types.43 However, such combinations have been 

poorly tolerated in prior early phase clinical trials with limited clinical activity 

(NCT01708161, NCT01243762).89, 90 While search for better tolerated IGF1R 

inhibitors or dual IGF1R / IR inhibitors continues, inhibition of HER kinase with PI3K-

AKT inhibition has also shown promise in preclinical studies.42 

We did not notice a significant change in proteins of other signaling pathways 

after AKT inhibition. As our knowledge of functional significance of different 

molecular alterations expanded and multigene next generation sequencing became 

more readily available, MAP kinase pathway alterations (e.g, BRAF non-V600E 

mutations and NRAS mutations) were noted in some patients enrolled in our 

MK2206 trial, which may have contributed to inhibitor inactivity in these patients. 

Finally, our results show a fair concordance of adaptive resistance analysis 

between patient samples, PDX tumors and cell lines.  

Future Directions: Our results improve our understanding of signaling 

perturbations in response to AKT inhibition in CRC and generate hypothesis for 
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combination therapies that may block the induction of adaptive resistance and 

improve treatment efficacy. A dual IGF1R/IR signaling inhibitor maybe more effective 

at curbing down the adaptive response than IGF1R inhibitor alone. Vertical pathway 

inhibition using PI3K alpha inhibitor has also shown preclinical synergism with AKT 

inhibition in some studies, possibly by blocking pathway reactivation.91 For HER 

dependent tumors, combinations of PI3K-AKT inhibitors with HER kinase inhibitors 

also appear promising and may have implications for HER2 amplified CRC 

patients.92 Along the same lines, I recently co-authored an NCI-CTEP sponsored 

phase Ib/II clinical trial protocol of copanlisib (pan-PI3K inhibitor) in combination with 

trastuzumab and pertuzumab (dual HER2-targeted therapy) after induction treatment 

of HER2 positive metastatic breast cancer patients with PI3K pathway alterations 

(NCT04108858). There is also a role for strategies to decrease insulin surge and 

signaling to improve efficacy of PI3K-AKT inhibition such as through ketogenic diet 

or with SGLT2 inhibitors.93 Finally, biomarker selection for future clinical trial 

enrollment will improve as our knowledge and testing capabilities improve.  

 

Aim 3: Evaluate the impact of PI3K activating alterations on immune 

landscape of colorectal cancer, and design a therapeutic intervention to 

improve the immune microenvironment. 

 

MSS CRC patients respond infrequently to immunotherapy, suggesting the 

presence of a rare MSS immunogenic subset. PI3K pathway alterations are known 

to modulate anti-tumor immune microenvironment and response to immunotherapy 

in different tumor types. In this Aim, we have shown PI3K pathway alterations 
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(comprising PTENloss and PIK3CAmut) to be a genomic modulator of immune 

repertoire in early stage MSS CRC patients. Using quantitative 

immunohistochemistry and Agilent microarrays on primary CRC, I showed that PI3K 

pathway alterations (particularly PIK3CAmut) are associated with an immunologically 

distinct subset of MSS CRC, which exhibits increased immune engagement, but also 

up-regulation of several key immune checkpoints (including PD-L1) resulting in an 

overall ineffective immune microenvironment. Given increased immune infiltration 

and checkpoint upregulation in PI3K-altered cases, this maybe a potential subset of 

MSS CRC that can be targeted with immunotherapy combinations.  

We found increased cytotoxic T cell infiltration at the center of PI3K-altered 

MSS but not MSI primary CRC. This maybe because of masking of PI3K effect by 

the robust immune repertoire of MSI tumors. Further subgroup analysis revealed 

increased T cell infiltration at the center of PIK3CAmut MSS CRC, but not PTENloss 

MSS CRC. Similar increase in CD8+ cells among PIK3CAmut cases (specifically 

PIK3CAE545K and PIK3CAH1047R) as compared to PIK3CAwild cases was seen an 

exploratory analysis of a breast cancer clinical trial.94 Also, a recent analysis of The 

Cancer Genome Atlas data reported higher CD8+ T cells and NK cells, alongwith 

decreased regulatory T cell / CD8+ cell ratio across other cancer types with PIK3CA 

mutations.95 Other studies in melanoma have shown decrease in cytotoxic T cell 

infiltration among PTENloss as compared to PTENintact tumors.62 We did not see any 

significant change in immune infiltration by PTEN status in CRC patients. This 

suggests that PIK3CAmut and PTENloss have different modulatory effects on the 

immune repertoire of MSS CRC. In melanoma, PTENloss effects were found to be 
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mediated by increase in immunoinhibitory cytokines such as VEGF.62 We postulate 

that increased effector T cell infiltration in PIK3CAmut MSS CRC is partly mediated by 

generation of neo-peptides by mutant PIK3CA. Hotspot PIK3CAmut (E545K, 

H1047R) have been reported to produce clonal neoantigens in MSS cancers other 

than CRC.96  

We also found increase in checkpoint expression by immunohistochemistry 

as well as Agilent microarrays in MSS CRC patients with PI3K pathway alterations. It 

appears that a highly robust immune engagement in the presence of PI3K pathway 

alterations results in compensatory upregulation of immune checkpoints by tumor 

cells as a means to immune evasion. Such compensatory increase in checkpoints 

has been reported in MSI CRC patients in the setting of high intra-tumoral T cells.97 

Consequently, in MSI CRC patients, immune checkpoint blockade has resulted in 

impressive durable responses by removing the negative regulation of pre-existing 

intra-tumoral cytotoxic T cells.19, 20 While several studies have identified PTENloss as 

a genomic predictor of resistance to immunotherapy in different tumor types, a 

recent meta-analysis has reported that PI3KCAmut are enriched in MSS tumors with 

complete or partial response to immune checkpoint inhibitors.57, 58, 62, 98  

Recognizing cytotoxic T cell infiltration and PD-L1 upregulation as 

independent predictors of response to immunotherapy, I investigated the outcomes 

of MSS CRC patients who participated in seven immunotherapy clinical trials at MD 

Anderson, and found enrichment of PIK3CAmut in patients who had tumor shrinkage 

or prolonged stable disease with immunotherapy. I validated this finding in another 

independent cohort of MSS adenocarcinoma patients enrolled in phase I 
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immunotherapy trials. About half of PIK3CAmut MSS patients were seen to derive 

clinical benefit from immunotherapy in both cohorts. While the mechanism 

underlying this observation is yet to be investigated, it may be partly explained by 

high binding affinity mutant PIK3CA neopeptide generation in the context of the right 

HLA. HLA typing of PIK3CAmut patients in the above MSS CRC cohort and phase I 

cohort is ongoing. Further investigation of immunotherapy outcomes in the context of 

neoepitope-HLA allele interaction may help identify a subset of PIK3CAmut MSS 

CRC pts who are likely to benefit from immunotherapy.  

In our study, hierarchal clustering analysis of mRNA data showed that the 

immune-related gene signature of early stage MSS CRC tumors clusters with that 

from CMS1 and CMS4 tumors. CMS1 tumors are associated with increased 

expression of cytotoxic lymphocyte related genes, whereas CMS4 tumors exhibit an 

immunosuppressive gene signature.99 When the two signatures co-exist in highly 

immunogenic MSI CRC patients, increased immune checkpoint expression has 

shown to overpower the favorable impact of higher cytotoxic T cell infiltration, 

thereby decreasing overall survival as compared to MSI CRC with low expression of 

immune-checkpoints.100 Hence, similar to our quantitative IHC data, the mRNA data 

is suggestive of an overall immune-inhibitory signature in MSS CRC with PI3K 

pathway alterations.  

The impact of MAP kinase pathway mutations (BRAF and KRAS mutations) 

on immune microenvironment of CRC has been described.101 In our study, the 

distribution of these mutations was not different in the two groups of interest, CRC 
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with and without PI3K pathway alterations, and we assume that the impact of these 

mutations on immune analysis would also not differ in the two groups. 

Our CT26 CRC model showed synergism between PI3K inhibition and anti-

PD-1, consistent with prior preclinical studies in other tumor types.62, 67 This model 

does not contain PI3K pathway alterations and is suggestive of favorable 

immunomodulation by PI3K inhibition, the exact specifics of which are unclear and 

are under investigation. The tumor tissue from our mouse experiments has been 

submitted for multiplex immunohistochemistry for immune markers for further insight 

into these mechanisms. 

Future Directions: Our work sets the stage for larger studies focusing on 

immunomodulatory effects of PTENloss separately from PIK3CAmut in MSS CRC 

patients. The total tumor mutation burden in the presence and absence of PI3K 

pathway alterations remains to be determined. My ongoing research includes 

investigation of the immune microenvironment of PI3K-altered metastatic CRC, and 

the impact of PI3K-AKT pathway inhibition on the immune repertoire of these 

patients with support from a Conquer Cancer Foundation of ASCO Young 

Investigator Award.  I am further investigating immunomodulation associated with 

different PI3K-AKT pathway inhibitors in PIK3CAmut genetically engineered mice. 

Assessment of response to combined checkpoint blockade, such as anti-PD1 with 

anti-LAG-3, merits investigation in PI3K-altered MSS CRC patients. HLA typing of 

PIK3CAmut patients in the above MSS CRC cohort and phase I cohort is ongoing. 

Evaluation of the predicted HLA affinities of peptides generated by PI3KCAmut and 

other common CRC mutations is also planned for the future. This analysis has the 
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potential to identify HLA-neopeptide biomarkers that would be predictive of response 

to immunotherapy among PIK3CAmut MSS CRC patients. Large scale studies are 

needed to determine prognosis with and without adjuvant chemotherapy in MSS 

CRC patients with PI3K pathway alterations.  

 

Conclusions 

 
Allosteric AKT inhibitor, MK2206, causes significant inhibition of PD markers 

in preclinical models but not in patient’s tumors. The inverse correlation between 

AKT pS473 and downstream FoxO3a pS318/321 maybe reflective of partial AKT re-

phosphorylation due to FoxO3a-mediated adaptive changes. AKT inhibition with 

MK2206 induces FOXO-mediated adaptive upregulation of receptor tyrosine 

kinases, namely IGF1R but also HER3 and IR. Combined analysis of cell lines, 

PDXs and patient samples allows in-depth interrogation of adaptive resistance and 

identifies rational combination therapies worthy of further investigation. PI3K-altered 

early stage MSS CRC is an immunologically distinct subset with higher immune 

engagement, but also upregulation of immune checkpoints, such as PD-L1, resulting 

in an overall ineffective immune microenvironment. In particular, PIK3CAmut MSS 

CRC are associated with higher cytotoxic T cell infiltration, PD-L1 expression and 

clinical benefit from immunotherapy. Larger studies to validate our observations are 

warranted, including assessment of neopeptide load and HLA types, which may help 

identify an immunotherapy sensitive subset of PIK3CAmut MSS adenocarcinoma.  
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