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ABSTRACT
We conducted a phase Ib/II clinical trial to evaluate the safety, feasibility, and clinical activity of 
combining pembrolizumab (anti-PD-1) with XL888 (Hsp90 inhibitor) in patients with advanced 
colorectal cancer (CRC). We hypothesized that this regimen would modulate soluble and cellular 
immune mediators and enhance clinical outcomes. The trial employed a 3 + 3 open-label design, 
with an expansion cohort at the recommended phase II dose (RP2D) in treatment-refractory, 
mismatch repair-proficient CRC patients. Comprehensive analyses of plasma cytokines, peripheral 
blood mononuclear cells (PBMCs), and spatial immune cell patterns in liver biopsies were performed 
to identify unique immune signatures resulting from the combined therapy. The combination of 
pembrolizumab and XL888 proved to be safe and feasible, with a subset of patients achieving stable 
disease, although no objective responses were observed in this heavily pre-treated population. 
Correlative studies revealed immunomodulatory effects in tumors and circulation, including 
a reduction in IL6+ cells and macrophages (CD68+) within metastatic liver tissue, alterations in 
blood CD3+ cells, and upregulation of numerous inflammatory plasma cytokines. These findings 
suggest local and systemic immune activation by the combination of pembrolizumab and XL888. 
While clinical activity was modest in treatment-refractory CRC patients, there were notable effects on 
the tumor immune environment and systemic immune modulation.
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Introduction

Colorectal cancer (CRC) is the third most common cause of 
cancer-related death among men and women in the United 
States. It is projected to be the leading cause of death by 2040.1,2 

Notably, half of patients diagnosed with early-stage CRC pro
gress to metastatic disease.3 Surgery remains a standard of care 
for patients with early-stage or limited metastatic CRC, con
tributing to more favorable survival outcomes.4 However, 
despite advances in systemic therapy for CRC, the 5-year 
survival rate for patients with advanced disease remains bleak 
(15–25%).5 While immune checkpoint inhibitors (ICIs) show 
efficacy in CRC patients with deficient mismatch repair 
(dMMR) or high microsatellite instability (MSI-H), these indi
viduals constitute a minority (~5%) of advanced CRC cases.6,7 

Additional treatment options are urgently needed for most 
CRC patients. Recent studies with Fc-enhanced cytotoxic 
T-lymphocyte-associated protein-4 (CTLA-4) antibody 

blockade combinations offer hope that immunotherapy 
remains a viable approach.8 Considerable efforts are ongoing 
to modulate features of the immune tumor landscape as 
a potential means to improve the effectiveness of ICIs, such 
as antibodies targeting programmed cell death-1 (PD-1). 
Ultimately, by targeting other components of the tumor micro
environment (TME), it may be possible to broaden the scope of 
immunotherapy to patients with proficient mismatch repair 
(pMMR) or microsatellite stable (MSS) tumors.

Inhibition of Hsp90, a chaperone protein crucial for cel
lular stress responses, has shown promise due to its dual 
capacity to elicit tumor cell apoptosis and modulate the 
immune milieu of cancers.9,10 Evidence from preclinical stu
dies indicates Hsp90 inhibitors (Hsp90i) may harbor a unique 
mechanism of action by altering components of tumor 
stroma. For example, XL888, a synthetic small-molecule inhi
bitor that binds to the ATP pocket in the N-terminus of 
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Hsp90, reduced IL-6 secretion and restricted growth of pan
creatic-derived cancer-associated fibroblasts (CAFs) in vitro.
11–13 Combined XL888 and anti-PD-1 in murine pancreatic 
cancer models increased tumor infiltrating lymphocytes 
(TIL), induced immune response genes, and enhanced effi
cacy of anti-PD-1 therapy. Furthermore, when combined 
with anti-PD-1, Hsp90i limited tumor growth in mice, with 
increased effector lymphocytes and decreased suppressive 
immune cell populations detected in these animals.13 The 
availability of clinically viable Hsp90i, like XL888, provides 
an approach to target solid tumors and modulate their asso
ciated immune and stromal components.

Hsp90 plays a crucial role in folding protein and main
taining protein function involved in inflammatory signal
ing pathways, including JAK/STAT family members and 
HIF-1ɑ. Activation of HIF-1ɑ and the JAK-STAT pathway 
increases immune-suppressive proteins, including pro
grammed death-ligand 1 (PD-L1).14–16 CRC patients 
receiving ganetespib, an Hsp90i, displayed less HIF-1ɑ 
and JAK-STAT.17 Therefore, targeting Hsp90 may also 
modulate immune inhibitory pathways including PD-1/ 
PD-L1.

We hypothesized that Hsp90 inhibition could be safely 
combined with antibodies targeting PD-1 in patients with 
advanced gastrointestinal malignancy. We also posited that 
it would favorably modulate the TME to improve immune 
function and potentiate the effects of PD-1 inhibitors in 
patients with advanced CRC. In this report, we describe 
results from a first-in-human phase 1b trial evaluating the 
safety of combining XL888 with pembrolizumab and 
a phase 2 expansion cohort in patients with stage IV treat
ment – refractory pMMR CRC, along with associated 
laboratory correlative studies.

Materials and methods

Study design and participants

The trial design included patients with advanced or meta
static gastrointestinal adenocarcinomas, such as esophago- 
gastric, cholangiocarcinoma, hepatocellular, pancreatic, 
small bowel, or colorectal cancers, with documented pro
gression after at least one prior therapy. In the expansion 
phase, patients with colorectal cancer were enrolled if they 
had pMMR, treatment-refractory disease, defined as pre
viously treated with oxaliplatin, irinotecan, and 
a fluoropyrimidine. Patients were also required to have 
measurable disease per RECIST version 1.1, with an 
Eastern Cooperative Oncology Group (ECOG) performance 
status (PS) of 0, 1 or 2. Required laboratory cutoff values 
were as follows: absolute neutrophil count ≥1500/µL, plate
lets ≥100 ×109/L, hemoglobin ≥90 g/L, serum creati
nine ≤1.5 × upper limit of normal (ULN), serum total 
bilirubin ≤1.5 × ULN, and serum albumin ≥2.5 mg/dL. Key 
exclusion criteria included the following: diagnosis of 
immunodeficiency, or use of systemic steroid therapy or 
any other form of immunosuppressive therapy within 7  
days prior to the first dose of trial treatment. Patients 

receiving prior therapy with an anti-PD-1, anti-PD-L1, or 
anti-PD-L2 agent were excluded. Additionally, history or 
evidence of retinal pathology on ophthalmologic examina
tion that is considered a risk factor for neurosensory retinal 
detachment, RVO (retinal vein occlusion), or neovascular 
macular degeneration were excluded. The study protocol 
was reviewed and ethically approved by the Emory 
University Institutional Review Board (IRB; IRB00087397). 
Patients granted written consent prior to any screening 
activities or data collection. The Winship Data and Safety 
Monitoring Board (DSMB) gave additional oversight 
through biannual monitoring and reviewed the safety and 
efficacy findings. The clinical trial was registered with clin
icaltrials.gov (NCT03095781).

Clinical procedures

Patients were treated with pembrolizumab (200 mg) via 
intravenous (IV) infusion on day 1 and XL888 orally 
twice weekly in 21-day cycles until disease progression, 
unacceptable toxicity, or patient preference to discontinue. 
Study participation ranged from early withdrawal before 
the initial scan at cycle 1 day 3 (C1D3) to completing six 
cycles. Dose-escalation tested XL888 at 45 mg (DL1), 90 mg 
(DL2), and 60 mg (DL3, if ≥1 DLTs at DL2). Without dose- 
limiting toxicity (DLTs), the study expanded to enroll 16 
additional CRC patients meeting eligibility criteria. Patients 
receiving <80% of prescribed doses for non-toxicity reasons 
were deemed unevaluable for the primary endpoint and 
replaced.

In the expansion phase, patients were assigned to pem
brolizumab or pembrolizumab with XL888, with all receiving 
combination therapy after 3 weeks. The expansion phase 
aimed to confirm safety and collect biomarker samples. 
Serial blood was collected on cycle 1 day 1 (C1D1) and 
cycle 1 day 15 (C1D15), with paired metastatic biopsies 
obtained from 4 patients in each treatment group. Safety 
data was tabulated, by type and grade, while Kaplan–Meier 
curves estimated progression-free survival (PFS) and overall 
survival (OS).

Study endpoints

The primary endpoint was safety and toxicity of the combination 
therapy, defined at the recommended phase II dose (RP2D) of 
pembrolizumab, administered with XL888. Standard definitions 
of dose limiting toxicities were applied. Secondary endpoints 
were PFS, OS, duration of response (DoR), and objective 
response rate (ORR). Response duration was defined as the 
time from the participant’s first documented response until dis
ease progression. ORR was defined as complete response (CR) or 
partial response (PR) as best response on the study, as determined 
by RECIST version 1.18,19 Radiographic and clinical evaluations 
were performed every 8 weeks during treatment and at study end 
when possible. Treatment continued until disease progression or 
withdrawal. All serious adverse events (AEs) and treatment- 
related grade 3–5 AEs were reported using CTCAE v4.0
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Correlative translational studies

Peripheral blood was collected at C1D1 and C1D15 from 
patients (n = 14) receiving pembrolizumab with XL888 in 
the dose-escalation phase (Figure 1). For CRC dose- expan
sion patients (n = 16), blood and biopsies were collected at 
both time points. Correlative analyses were performed on 
specimens from all 18 CRC patients receiving either pem
brolizumab alone (n = 7) or combined with XL888 at RP2D 
(n = 11).

Procurement of metastatic liver tissue for correlative 
studies

Eight CRC patients (pembrolizumab, n = 4; pembrolizumab/ 
XL888, n = 4) underwent image-guided core needle biopsies of 
metastatic liver tissue at C1D1 and C1D15, at the same meta
static site. Initial biopsy acquisition occurred upon enrollment, 
after a two-week treatment-free interval. One to four biopsies 
were obtained per patient from the same metastatic site, 
excluding bone metastases. One core was formalin-fixed for 
multiplex immunohistochemistry (mIHC), while additional 
cores, were processed fresh for immediate single-cell mass 
cytometry (CyTOF) analysis.

Metastatic liver mIHC and analysis

Tissue biopsies were fixed in 10% buffered formalin phosphate 
and embedded in paraffin. Sections of 4 µm thickness were cut 
and mounted onto slides. The multiplex immunohistochemis
try (mIHC) staining protocol was carried out using the 
DISCOVERY ULTRA autostainer (Roche Diagnostics). Two 
distinct staining panels were utilized: panel 1 targeted markers 
including ɑ-SMA, CD3, CD19, CD68, IL6, CK19, and DAPI, 
while panel 2 included CD4, CD8, CK19, FoxP3, RORγt, T-bet, 
and DAPI. After staining, the slides were cover-slipped with 
mounting medium and allowed to cure before imaging with 
the Vectra® Polaris™ Automated Quantitative Pathology 
Imaging System. The cured slides containing fluorescently 
labeled tissue sections underwent whole-slide scanning and 
subsequent analysis using QuPath v0.4.4.4 (University of 
Edinburgh, Edinburgh, Scotland, UK).20 Refer to Appendix 1 
and Supplementary Table S1 for comprehensive details on the 
mIHC staining protocol and marker information.

Metastatic liver digestion, CyTOF, and analysis

Fresh metastatic liver tissue cores were subjected to both 
mechanical and enzymatic dissociation processes using the 

Figure 1. Peripheral blood and metastatic liver biopsy collection timeline for correlative studies. (a) Timeline examines blood and biopsy collection timepoints during 
cycle 1 for the dose-escalation and colorectal cancer (CRC) dose-expansion phases of the trial. (b) Schematic displays CRC patients receiving the RP2D, detailing analyses 
performed and the total number of samples processed for each analysis. Images created using BioRender.com.
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gentleMACS Dissociator (catalog# 130-093-235, Miltenyi 
Biotec). For a comprehensive description of the tumor disso
ciation and digestion process, refer to Appendix 2. The dis
sociation procedure yielded approximately 2 × 10^6 cells or 
fewer per sample for CyTOF analysis.

Cells from dissociated metastatic liver tissue were 
stained for viability using Cell-ID™ Cisplatin (catalog# 
201064, Standard BioTools) in 1X PBS, followed by surface 
and intracellular staining with Maxpar® Cell Staining Buffer 
and fixation in 1.6% formaldehyde. Samples were then 
labeled with Cell-ID™ Intercalator-Ir (catalog# 201192A, 
Standard BioTools) and acquired on a Helios mass cyt
ometer; detailed protocols and antibody lists can be found 
in Appendix 3 and Supplementary Table S2, respectively. 
The Flowjo V10.8.1 and Cytobank software were used to 
analyze normalized CyTOF FCS files.

Peripheral blood processing and analyses

Plasma cytokine analysis
Peripheral blood specimens were collected in EDTA tubes at 
C1D1 and C1D15. Plasma was isolated from whole blood and 
stored at −80°C. Samples were analyzed using the Human 
Cytokine/Chemokine Panel, a 48-plex Discovery Assay ® Array 
(Eve Technologies), which employs Luminex™ laser bead technol
ogy. Undiluted plasma samples were analyzed in duplicate, with 
final concentrations reported in pg/mL. For details on specific 
analytes and processing methods, refer to Supplementary Table 3 
and Appendix 4, respectively. Notably, one patient was excluded 
from the analyses due to the absence of a blood draw at C1D15.

Whole blood MaxPar™ Direct Immune Profiling Assay 
(MDIPA)
PBMCs were isolated from whole blood using Ficoll® density 
gradient centrifugation at 800 × g for 30 min. Isolated PBMCs 
were cryopreserved in Serum-Free Cell Freezing Medium with 
DMSO (Sigma-Aldrich). Samples were acquired on a Helios 
mass cytometer (Standard Biotools) and analyzed using 
MDIPA and Maxpar PathSetter software version 2.0.45. For 
a list of identified cellular markers consult Supplementary 
Table 4, and Appendix 5 for the detailed protocol.

Statistical considerations

Clinical
The 3 + 3 standard phase I trial design was used for the dose- 
escalation phase, evaluating 45 mg and 90 mg cohorts, with 
a potential 60 mg intermediate if ≥2 DLTs were observed in 
the 90 mg cohort. The expansion phase began after establishing 
the RP2D. A sample size of 16 patients was based on a 20% 
ORR endpoint for XL888 and pembrolizumab combination, 
with a null response rate of 2% (alpha = 0.1, power = 80%). AEs 
were summarized by frequencies and percentages. SAS 9.4 
(SAS Institute Inc.) was used for statistical analysis. 
Categorical variables were summarized by frequencies and 
percentages, and continuous variables by median and IQR. 
PFS and OS were estimated using the Kaplan–Meier method.

Correlative studies
Changes in biomarkers from C1D1 to C1D15 were 
assessed using the Wilcoxon matched pairs signed rank 
test. This was applied to both treatment groups (pembro
lizumab alone and combined with XL888), comparing 
paired C1D1 and C1D15 measurements. These time points 
were chosen to ensure analysis could be conducted on the 
greatest number of patients prior to disease progression. 
Differences were considered statistically significant at p  
< 0.05.

Results

Safety, efficacy outcomes, and demographics for phase I 
dose-escalation

Fourteen patients were enrolled on the dose-escalation por
tion of the trial, as detailed in Table 1. Their median age was 
66.5 years (IQR 59–71), with more male patients enrolled 
(64%). Diagnoses included CRC (n = 5), pancreatic adeno
carcinoma (PDAC; n = 6), biliary tract (BTC; n = 1), ampul
lary (n = 1), and duodenal (n = 1) cancers. All patients had 
discontinued treatment at data cutoff. Two patients were 
ineligible for assessing the primary endpoint (RP2D) due to 
biliary stent obstruction and sepsis. One dose-limiting 

Table 1. Demographic information for participants, separated by dose-escalation 
and colorectal cancer (CRC) dose-expansion cohort.
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toxicity (DLT) (grade 3 [G3] autoimmune hepatitis) was 
observed on DL2 (pembrolizumab 200 mg + XL888 90 mg). 
We therefore enrolled three patients on DL3 (pembrolizu
mab 200 mg + XL888 60 mg). No DLT was observed, and 
five additional patients were subsequently enrolled on DL2 
with no additional DLT. Three patients (1 duodenal, 2 CRC) 
had prolonged stable disease (6, 9 and 15 cycles, 

respectively). Median PFS for patients in the dose escalation 
phase was 2.1 months (95% CI, 2–3 months; Figure 2(a)) and 
median OS was 6 months (95% CI, 2.3 to 9.5 months; 
Figure 2(b)). The most common treatment-related toxicities 
included autoimmune hepatitis (G3; n = 1), retinopathy (G2; 
n = 2), nausea (G2; n = 1), constipation (G2; n = 1), and diar
rhea (G2; n = 6) (Supplementary Table 5).

a

b

c

Figure 2. Clinical outcomes for patients in the dose-escalation and CRC dose- expansion phases. a-b Kaplan–Meier plots display the PFS (a) and OS (b) outcomes for 
patients in the dose-escalation and CRC-expansion phase of the trial. (c) Maximum percent change in the size of target metastatic liver lesions from baseline for the CRC 
dose-expansion phase. Each bar represents an individual patient.
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Safety, efficacy outcomes, and demographics for CRC 
phase I dose-expansion

Sixteen patients with CRC were subsequently enrolled and treated 
at the RP2D (pembrolizumab 200 mg + XL888 90 mg) (Table 1). 
The median age in the expansion cohort was 56.5 years (IQR range 
50–63). Those on study were quite advanced, as all patients 
enrolled had received at least two prior lines of systemic treatment 
for metastatic disease. Most patients had left-sided tumors (n = 11; 
68%). Twelve patients had a tumor with RAS mutation, 1 with 
BRAF mutation, and 14 were mismatch repair proficient (pMMR) 
(Supplementary Table 6). All patients were eligible and evaluable 
for safety, ORR, PFS, and OS analyses. There was no objective 
response in the study population, but 4 (25%) patients had stable 
disease (SD) as the best response on treatment. Overall, median 
PFS was 1.9 months (95% CI, 1.3 to 2 months; Figure 2(a)) and 
median OS was 5.5 months (95% CI, 3 to 9.9 months; Figure 2(b)). 
Figure 2(c) illustrates the maximum percent change in size of 
target metastatic liver lesion from baseline. Among the 16 patients 
in the dose-expansion cohort, two experienced progressive disease 
(PD) and could not be assessed due to treatment discontinuation, 
while the percent change for two other patients remains 
unavailable.

Grade 3–4 AEs and SAEs (at least possibly related to pembro
lizumab combined with XL888 treatment) were reported in 12.5% 
of patients included in the safety analysis. These parameters 
included myocarditis (n = 1), periorbital edema (n = 1), retinopa
thy (n = 1), diarrhea (n = 1), nausea/vomiting (n = 1), and 
increased liver enzymes (Alanine aminotransferase [ALT] and 
Aspartate aminotransferase [AST]; n = 1) (Table 2). No Grade 5 
AEs were reported. The most common AEs (any grade) were 
diarrhea (46.7%), fatigue (40%), abdominal pain (20%), constipa
tion, nausea, vomiting, eye disorders, Alkaline phosphatase (Alk 
P) increased, AST increased, ALT increased, anorexia, hypomag
nesemia, and cough (16.7% each) (Supplementary Table 5).

IL6+ cells and CD68+ macrophage populations are reduced 
in CRC liver metastases treated with pembrolizumab and 
XL888

These correlative studies provide insights into the immune 
modulatory effects of Hsp90 inhibition, potentially leading to 

innovative combination strategies with ICI therapy. We ana
lyzed paired metastatic liver biopsies (C1D1, C1D15) from 
CRC patients receiving either pembrolizumab alone (n = 3) 
or combined with XL888 (n = 4). Through mIHC (panel 1, 
Figure 3(a)), we observed fewer IL6+ cells in CRC tumors 
treated with pembrolizumab combined with XL888 (Figure 3 
(b)). In contrast, there was a trend toward more overall IL-6+ 

cells in tumors from patients treated with pembrolizumab 
alone. No impact of treatment was observed on the frequency 
of ɑ-SMA+ cells, a marker of activated cancer-associated 
fibroblasts (CAFs), and ɑ-SMA+IL-6+ cells (Supplementary 
Figure S1A and Figure 3(c), respectively). However, tumors 
from combination treatment patients showed a trending 
decrease in CD68+ (Figure 3(d)) and CD68+IL6+ macro
phages (Figure 3(e)). No significant differences were 
observed in other immune cells, including CD19+ and 
CD3+, between treatment groups or cycle days 
(Supplementary Figure S1A). T cell population changes 
were inconclusive due to low cell detection (panel 2, 
Supplementary Figure S1B-C). Spatial analysis on mIHC 
examined immune and stromal cell distribution patterns 
relative to tumor margins and stromal compartment 
(Supplementary Figure S2A-B). We quantified ɑ-SMA+, 
CD68+, and CD3+ cells’ spatial location (Supplementary 
Figures S3 and 4) but observed no significant changes 
between C1D1 and C1D15 in either treatment group. 
Other cell populations showed no differences, possibly due 
to cell abundance, tissue quality, and/or patient 
heterogeneity.

CyTOF reveals CD19+ lymphocytes are decreased in CRC 
patients treated with pembrolizumab and XL888

We used CyTOF to analyze lymphocyte populations in paired 
metastatic liver biopsies (C1D1, C1D15) from CRC patients 
receiving pembrolizumab alone (n = 4) or combined with 
XL888 (n = 4). Due to limited cell abundance and tissue qual
ity, conclusive analysis of most immune cell populations, 
including CD4 and CD8 T cells, was challenging 
(Supplementary Figure S5A-C). However, we observed 
a trend of fewer CD19+ cells in biopsies from patients receiving 
pembrolizumab combined with XL888 (Figure 4(a–b)).

Systemic increase in inflammatory cytokines observed in 
response to pembrolizumab and XL888

We investigated plasma cytokine, chemokine, and growth factor 
profiles of CRC patients treated with pembrolizumab alone (n =  
7) or combined with XL888 (n = 10) to assess systemic immune 
effects. Comparing C1D1 to C1D15, IL-6 concentration was 
approximately two-fold higher in patients receiving the combi
nation therapy (p = 0.0075) (Figure 5(a)). Significant increases 
were observed in several inflammatory factors for the combina
tion group, including IL-6 (p = 0.0020), IP-10 (p = 0.0020), 
MCP-1 (p = 0.0059), MDC (p = 0.0488), IL-15 (p = 0.0195), 
and Eotaxin (p = 0.0273) (Figure 5(b)). Pembrolizumab alone 
showed similar trends, though only IL-1RA increased signifi
cantly (p = 0.0312). Other cytokine levels showed no trends or 
had low concentrations (Supplementary Figure S6).

Table 2. Treatment-related grade 3–4 adverse events observed in patients receiv
ing combined pembrolizumab and XL888.

Adverse Events Grade 3–4

Any 6 (14.6)
Cardiac disorders 1 (2.4)
Atrioventricular block complete 1 (2.4)
Myocarditis 1 (2.4)
Eye disorders 2 (4.9)
Periorbital edema 1 (2.4)
Retinopathy 1 (2.4)
Gastrointestinal disorders 2 (4.9)
Diarrhea 1 (2.4)
Nausea 1 (2.4)
Vomiting 1 (2.4)
Immune system disorders 1 (2.4)
Autoimmune disorder 1 (2.4)
Alanine aminotransferase increased 1 (2.4)
Aspartate aminotransferase increased 1 (2.4)
Cardiac troponin I increased 1 (2.4)
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To note, one patient from the combination group was 
excluded from analysis, due to missing a blood draw at C1D15.

Systemic alterations were evident in certain immune cell 
populations, including CD3+ T cells, in patients following 
combined pembrolizumab and XL888 treatment

To assess potential peripheral cellular changes alongside our 
systemic data, we analyzed patient PBMCs using CyTOF with 
a 30-marker immune panel. In patients receiving combined 
therapy, we detected a trend toward fewer circulating total 
CD45+ leukocytes after treatment, though this was not signifi
cant (Figure 6(a)). Notably, the proportion of circulating CD3+ 

T cells was significantly lower compared to baseline 

(p = 0.0273) (Figure 6(b)). The proportion of CD8+ T cells 
remained stable from C1D1 to C1D15 (Figure 6(c)), while 
CD4+ T cells trended lower, but without statistical significance 
(Figure 6(d)). Additionally, no discernible patterns were 
observed in the proportions of CD4+ and CD8+ cells relative 
to CD3+ T cells (Supplementary Figure 7). Other immune 
populations analyzed from the MDIPA panel showed no sig
nificant differences (data not shown).

Discussion

This study is the first to report the clinical and correlative data 
outcomes of patients with advanced gastrointestinal malig
nancies treated with the novel combination of 

Figure 3. Multiplex immunohistochemistry (mIHC) analysis of immune and stromal cell populations in paired metastatic liver biopsies at C1D1 and C1D15 with 
pembrolizumab alone or combined with XL888. (a) Representative mIHC image of paired liver biopsies. Specific biomarkers displayed for panel 1 include, DAPI (royal 
blue), CD19 (yellow), IL-6 (magenta), ɑ-SMA (light blue), CD68 (red), CK19 (gray), and CD3 (green) as indicated in the top left; white scale bars represent 25µm, 100µm, or 
1000µm. b-e. Percentage of IL-6+ (b), ɑ-SMA+ IL-6+ (c), CD68+ (d), and CD68+ IL-6+ (e) as a proportion of DAPI+ cells.
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pembrolizumab and XL888. This trial was inspired by our 
prior pre-clinical data in mice showing XL888 can operate via 
an unacknowledged mechanism involving reduced activation 
of CAFs and concomitant reduction of IL-6. These studies 
further showed in murine models of pancreatic cancer, that 
the combination of XL888 and PD-1 blockade could elicit 
antitumor efficacy mediated by CD8+ T cells.12 This ability 
to potentiate immunotherapy in the pre-clinical setting was 
reproducible when other Hsp90i were used. For example, 
inhibiting Hsp90 using ganetespib can modulate angiogen
esis, inhibit tumor invasion, and induce cytokines (i.e. VEGF, 
MIF) and inflammatory pathways such as NF- κB.17,21–23 

Finally, the combination of ganetespib enhances the efficacy 
of PD-L1 antibody (STI-A1015) in syngeneic mouse models 
of CRC and melanoma.13

Herein, we demonstrate that this novel regimen was toler
able, with no new safety signals observed, when compared to 
prior studies in patients previously treated with pembrolizu
mab, or XL888 with the combination of Vemurafenib.11 In this 
heavily pre-treated patient cohort, prolonged stable disease was 
observed in six patients (2 in escalation cohort and 4 in expan
sion cohort) with treatment refractory pMMR CRC. 
Importantly, the combination therapy did not demonstrate 
any new or unexpected toxicities. The severity or incidence of 
AEs did not differ from those previously reported for either 
agent alone.11

Our correlative studies validated that XL888 had biologic 
activity in patients. Namely, they demonstrated the addition of 
XL888, to a pembrolizumab regimen, elicited unique immu
nomodulatory effects in patient metastatic liver tumors and 
potent inflammatory effects in systemic circulation. This ana
lysis employed several complementary methodologies, includ
ing mIHC, mass cytometry, and plasma cytokine profiling. Our 
mIHC analysis, even limited to a single post-treatment time 
point, showed tumors exposed to combination therapy had 
decreased IL6+ cells and CD68+ macrophages. These results 
were aligned with our prior pre-clinical observations that 

XL888 reduces IL-6 production in vitro.12 Although only fea
sible in a small cohort of patients due to sample limitations, 
CyTOF data highlighted unexpected decreases in circulating 
CD19+ B cells and CD3+ T lymphocytes. Despite constraints in 
cell abundance and tissue quality, affecting the analysis of 
CD4+ and CD8+ T cells, these findings suggest broad impacts 
of this treatment regimen systemically on PBMCs. Plasma 
cytokine profiles revealed increased levels of inflammatory 
cytokines, particularly in patients receiving the combination 
therapy, suggesting enhanced systemic immune activation.

While evidence of stable disease in treatment-refractory 
CRC patients is encouraging, we acknowledge the lack of 
responses in this heavily pre-treated population. Several fac
tors may account for this. Our correlative data were particu
larly informative in understanding reasons for treatment 
resistance. First, T lymphocytes were sparse in the liver 
metastases. This finding was consistent regardless of the 
modality and reproducible using multiple complementary 
tissue-based and single-cell methodologies. In fact, in some 
tissues, CD4+ or CD8+ T cells were undetectable. Validating 
this overall absence of any T cell infiltrate is important 
information, as it represents an obvious barrier to efficacy 
from PD-1-targeted antibodies. This result also highlights 
a key ‘real-world’ differential immune feature that distin
guishes patients with liver metastasis from pre-clinical mur
ine models that may harbor more abundant T cells and are 
typically used to generate efficacy data in support of clinical 
trials. Indeed, liver metastases are known to possess mechan
isms by which infiltrating CD8+ T cells are decisively elimi
nated by tumor-associated macrophages via Fas-FasL- 
mediated apoptosis.24 Second, it is also possible that Hsp90 
inhibition could have elicited cell context-dependent 
mechanisms that complicated its intended anti- 
inflammatory action. For example, while our pre-clinical 
data point to a role for Hsp90i in dampening CAF-derived 
inflammatory cytokine production, these drugs may have 
unintended, on-target effects on other immune cells that 

Figure 4. CyTOF-based identification and quantification of CD19+ cells in liver metastases at C1D1 and C1D15 in patients treated with pembrolizumab alone or in 
combination with XL888. (a) CyTOF gating strategy demonstrating the sequential identification of CD45+ cells followed by CD19+ cells within the gated population. 
(b) Percentage of live CD19+ cells from C1D1 to C1D15 in patients treated with pembrolizumab (n = 4) or in combination with XL888 (n = 4).
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concurrently dampen immune response. Other Hsp90i, such 
as geldanamycin, have also been shown to limit dendritic cell 
(DC) maturation and activation, which could in turn jeopar
dize antitumor T cell responses that depend on effective 
antigen presentation.12,25,26 The frequency of cells harboring 
markers compatible with DC phenotypes (even in baseline 

patient tumor biopsies) was also quite low in this study. 
A potential approach could involve introducing Hsp90i at 
an earlier stage of disease progression. This timing might be 
advantageous as there could be a higher presence of T cells 
and dendritic cells within the TME during earlier disease 
stages.

Figure 5. Differential plasma cytokine profiles in patients treated with pembrolizumab alone or in combination with XL888. (a) Heat map of plasma cytokine modulation 
in response to treatment. Relative fold change (log2 transformed) of multiple cytokines, normalized to treatment baseline (C1D1) in patients receiving pembrolizumab 
alone (top panel) or in combination with XL888 (bottom panel). Mann–Whitney test was performed to compare cytokine levels between the two treatment groups at 
each time point, with statistical significance at **p < 0.01. (b) Quantitative analysis of cytokine concentrations in blood plasma for eight cytokines: IL-6 (p = 0.0020), IP-10 
(p = 0.0020), GM-CSF (p = 0.0312, 0.0156), MCP-1 (p = 0.0059) (top, left to right), and MDC (p = 0.0488), IL-15 (p = 0.0195), Eotaxin (p = 0.0273), IL-1RA (p = 0.132) 
(bottom, left to right). Changes in biomarker levels from baseline (C1D1) to post-treatment (C1D15) were assessed using the Wilcoxon matched-pairs signed rank test, 
statistical significance at *p < 0.05 and **p < 0.01.
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Like many early phase clinical trials, this study faced 
limitations that may affect the interpretation of the results. 
The limited number of T cells available for analysis in the 
samples likely constrained the efficacy of this combination 
and restrains the depth of our immune correlative studies, 
such as CyTOF and multiplex IHC. We also acknowledge 
the heterogeneity of tumors and use of core needle biopsies 
may not capture the full diversity of the tumor microenvir
onment, potentially skewing our understanding of immune 
interactions within the tumors. Additionally, the CRC liver 
biopsies revealed a scarcity of CAFs, which are known for 
their high heterogeneity in patient tumors, potentially 
explaining the discrepancy between pre-clinical studies and 
our trial findings.27,28 Furthermore, the inherent genetic 
variability among human CRC cases could influence the 
data, as genetic differences among tumors can affect their 
immune profiles and response to treatments. Together these 
factors underscore the need for cautious interpretation of 
our findings and their application to larger, more diverse 
cohorts of CRC patients.

Despite limited efficacy beyond stable disease in patients 
receiving pembrolizumab and XL888, our findings suggest 
avenues for further investigation. Future studies should 
explore alternative combinations, particularly how Hsp90i 
may modulate other immune checkpoint inhibitors, as it 
can downregulate PD-L1 at physiological doses.29 The lack 
of positive outcomes may relate to immune system 
changes, tumor biology, or metastatic site differences. For 
instance, a trial combining a Hsp90i with nivolumab 
showed a 0% overall response rate (ORR) in liver metas
tases versus 13% in lung metastases.30 Interestingly, one 
patient with lung metastases in our trial had prolonged 
stable disease, indicating that immune landscape variations 
across metastatic sites may influence responses. Lung 
metastases tend to have higher T cell infiltration and less 
immunosuppression, compared to liver metastases, which 
are characterized by T regulatory and macrophage- 
mediated immune suppression.24,31–33 Thus, elevated 
T cell infiltration may render metastatic lung lesions 
more responsive to immunotherapies in comparison to 
liver lesions. Research could target this combination in 
patients with specific metastatic profiles, especially lung 
metastases. Additionally, investigating the regimen in 
patients with higher baseline T cell levels or combining it 
with agents that enhance T cell activity may yield better 
results. Integrating this approach with earlier therapies like 
chemotherapy or radiotherapy could improve efficacy 
against the immune suppressive tumor microenvironment 
in advanced colorectal cancer. This study provides 
a comprehensive evaluation of the combination of pembro
lizumab and XL888, laying the groundwork for future stu
dies to build upon.
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Appendices 1-5: Extended materials and methods

Appendix 1. Metastatic liver multiplex 
immunohistochemistry (mIHC) and analysis

Tissue biopsies were fixed in 10% buffered formalin phosphate (catalog# 
SF100-4, Fisher Scientific) and embedded in paraffin. Sections of 4 µM 
thickness were cut using a rotary microtome and mounted onto positively 
charged slides (catalog # 10200WH, Path Supply) in a 40°C dH2O bath. 
After mounting, slides were incubated at 60°C for 1 hr to facilitate water 
evaporation. The automated multiplex immunohistochemistry (mIHC) 
staining protocol was executed using the DISCOVERY ULTRA autostai
ner (Roche Diagnostics). To begin, slides were warmed to 69°C for 8 min 
for deparaffinization, followed by three cycles using 10X EZ-Prep solution 
(catalog# 0527977100, DISCOVERY). Heat-induced epitope retrieval 
(HIER) was completed at room temperature for 20 min using ethylene
diaminetetraacetic acid solution (EDTA) (catalog# E8008-100 ML, 
Millipore). To block endogenous peroxidase activity, DISCOVERY 
Inhibitor (catalog# 7017944001, Roche) was applied prior to antigen 
staining. The staining protocol accommodates a maximum of six primary 
antibodies, incubated for 40 min each and diluted using Diamond: 
Antibody Diluent (catalog# 938B-09, Cell Marque). Two distinct staining 
panels were utilized (Supplementary Table S1). Through a sequence of 
incubations, panel 1 targeted the following markers: αSMA, CD3, CD19, 
CD68, IL6, and CK19. Panel 2 focused on the following markers: CD4, 
CD8, CK-19, FoxP3, RORgt, and T-bet. Next, OmniMap HRP secondary 
antibodies (catalog# 05269652001-α-mouse or # 05269679001-α-rabbit, 
Roche) were incubated for 12 min. Additionally, Opal™ tyramide signal 
amplification fluorophores (listed in Supplementary Table S1, Akoya 
Biosystems) were diluted using 1X Amplification Diluent (catalog# 
FP1609, Akoya Biosystems) or Disc. Diluent P.S.S., specifically for Opal 
780 (catalog# 05266815001, Akoya Biosystems), applied, and incubated 
for 16 min. A denaturation cycle was then initiated using high heat (93°C) 
and Cell Conditioner 2 (catalog# 05279798001, Roche) for 8 min. Slides 
were counterstained with Spectral DAPI (catalog# FP1490, Akoya 
Biosystems) and incubated for 16 min. After completing the staining 
process, slides were rinsed briefly in a detergent solution to remove any 
liquid coverslip residue and then cover-slipped using Vectashield® 
Antifade mounting medium (catalog# H-1000-10, Vector Laboratories). 
Slides were cured in darkness for 24 h at 4°C before imaging with the 
Vectra® Polaris™ Automated Quantitative Pathology Imaging System, with 
ideal exposures determined by averaging across multiple slides using the 
Vectra Polaris software. One out of the eight patients’ biopsy cores 
(pembrolizumab) were unsuitable for mIHC analysis due to insufficient 
tissue quantity and inadequate staining.

The cured slides with fluorescently labeled tissue sections were 
subjected to whole-slide scanning and subsequent analysis utilizing 
QuPath v0.4.4.4 (University of Edinburgh, Edinburgh, Scotland, 
UK)20. Cell segmentation was performed using the DAPI channel 
(C1) with specific settings: 0.4967 µm pixel size, 6.0 µm background 
radius, background by reconstruction method, 1.0 µm median filter 
radius, 0.5 µm sigma size, 3.0 µm2 minimum area, 400 µm2 maximum 
area, and a threshold of 5, with a 4.0 µm cell expansion area. 
Following cell detection, a publicly available script (accessible at 
https://www.imagescientist.com/creating-a-classifier) was adapted for 
the classification of cells. Threshold values for each fluorescent chan
nel were determined by applying defined visual cutoffs (fluorescent 
intensity ratio) to ascertain the count of positive cells for individual 
fluorescent signal intensities or combinations thereof. Batch mode in 
the script editor facilitated simultaneous analysis of all whole-image 
sections. Subsequently, data was exported for further analysis using 
Microsoft Excel (V.16.80) and GraphPad Prism (V.9.4.1) tools. 
Cellular percentages were calculated by dividing the total cell detec
tions for each fluorescent signal or combination of signals by the 
overall number of cell detections. Spatial analysis was used to study 
distribution patterns of immune and stromal cell populations relative 
to the metastatic tumor margin and the stromal compartment. For 
this analysis, the x and y coordinates of phenotyped cells were 
extracted from whole tissue images. Next, these coordinates were 
used to map tissue and evaluate spatial organization of tissue 

(Supplementary Figure S2A-B). Using the SPIAT package in 
R (PMID: 37188662), tissue architecture was annotated according to 
cancer cell (CK19+) density into four areas: tumor, internal margin, 
external margin, stroma, with stromal compartment located farthest 
away from cancer cells.

Appendix 2. Mechanical and enzymatic dissociation 
of metastatic liver tissue

Fresh metastatic liver tissue cores were subjected to both 
a mechanical and enzymatic dissociation process utilizing the 
gentleMACS Dissociator (catalog# 130-093-235, Miltenyi Biotec). 
Tissue cores were cut into small portions (2–3 mm), via scalpel, 
and placed into the gentleMACS™ C-tubes (catalog# 130-093-237, 
Miltenyi Biotec) containing digestion media— RPMI 1640 and 
enzymes H, R, and A (Miltenyi Biotec) according to the manufac
turer’s protocol. C-tubes containing the liver biopsy core and diges
tion media were secured in the gentleMACS dissociator and the 
mechanical dissociation program, h_tumor_01, was run for two 
cycles at 37 sec each. Samples were then placed in a 37°C incubator 
shaker for 30 min, again followed by 2 cycles of dissociation, then 
placed back into the 37°C incubator shaker for an additional 30 min. 
The dissociated digestion mixture was transferred through a 70 μm 
filter and centrifuged at 500 × g for 5 min, resuspended and washed 
in 1× PBS, and then centrifuged again yielding approximately 2 × 106 

cells or less per sample for CyTOF analysis.

Appendix 3. Single-cell mass cytometry (CyTOF) 
staining and analysis of metastatic liver tissue

Cells from the dissociated metastatic liver tissue were resuspended 
with 1 mL of 1X PBS containing Cell-IDTM Cisplatin (catalog # 
201064, Standard BioTools) for viability staining. Viability staining 
was neutralized using the Maxpar® Cell Staining Buffer and cells 
were washed two more times with the Maxpar® Cell Staining Buffer 
in preparation for surface and intracellular staining (Supplementary 
Table S2). After the surface stain incubation, cells were washed with 
buffer and fixed with 1.6% formaldehyde (FA) solution. After permea
bilization, cells were stained for intracellular markers. Cells were 
washed with buffer twice, stained with Cell-IDTM Intercalator-Ir— 
125 μm (catalog# 201192A, Standard BioTools), and samples acquired 
on a Helios mass cytometer followed by normalization via CyTOF 
software algorithms.

The Flowjo V10.8.1 and Cytobank software were used to analyze 
normalized CyTOF FCS files. Based on the Standard BioTool’s tech
nical notation and clean up strategy (PN 400248 B1), FSC files were 
manually cleaned. Samples with a minimum of 250 live cells (DNA2 
+) were eligible for further analysis (pembrolizumab n = 4; pembroli
zumab & XL888 n = 4). Cleaned FCS files were exported from Flowjo 
as individual sample files.

Appendix 4. Plasma cytokine analysis

Peripheral blood specimens were collected in EDTA tubes at C1D1 and 
C1D15 of treatment. Notably, one patient was excluded from the ana
lyses due to the absence of a blood draw at C1D15. Specimens were 
maintained at room temperature, processed within 24 h of blood draw, 
and centrifuged at 450 × g for 10 min to isolate plasma from whole 
blood. Patient plasma samples were kept undiluted and frozen at -80°C 
for subsequent profiling utilizing the Human Cytokine/Chemokine 
Panel, a 48-plex Discovery Assay ® Array (catalog # HD48A; Eve 
Technologies), with details of specific analytes observed available in 
Supplementary Table 3. The array employs Luminex™ laser bead tech
nology, a well-established and highly sensitive bead-based multiplex 
assay for quantifying analytes.34,35 Each plasma sample was analyzed 
in its undiluted state and in duplicate, undergoing assessment for final 
observed concentrations in pg/mL. These concentrations were derived 
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by averaging the duplicate plasma measurements, which alongside 
a standard curve, reflected the median fluorescence intensity (Fl) value 
of the bead population for each specific analyte.

Appendix 5. Whole blood MaxPar™ Direct Immune 
Profiling Assay (MDIPA)

After separation of plasma from whole blood, samples underwent 
Ficoll® (catalog# GE17-1440-02, Millipore) density gradient centrifu
gation at 800 × g for 30 min to separate peripheral blood 

mononuclear cells (PBMCs). After separation, PBMCs were washed 
once with 1× PBS and subsequently cryopreserved in Serum-Free 
Cell Freezing Medium containing DMSO (catalog # C6295-50 mL, 
Sigma-Aldrich). Samples were acquired utilizing a Helios mass cyt
ometer (part number 107002; Standard Biotools) and raw FCS files 
were normalized using the built-in normalizer algorithm within the 
CyTOF software. Comprehensive analysis of immune cell populations 
was done using MDIPA as per manufacturer’s protocol (Standard 
Biotools).36 Supplementary Table 4 outlines the cellular markers identi
fied on the surface of PBMCs. Normalized FCS were analyzed using the 
Maxpar PathSetter software version 2.0.45.
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