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In situ immunohistochemical staining of tumor-infiltrating immune
cells in large cohorts of human colorectal cancers has recently
supported the hypothesis that the adaptive immune response
influences the behavior of human tumors. Tumor-infiltrating
immune cells therefore represent a valuable prognostic marker for
patients with colorectal cancer, with a high density of immune cells
being associated with a good outcome independently of other
established prognostic markers. The aim of the present study was to
investigate the correlation between infiltrates of immune cells, in
either the primary tumor or (where available) the corresponding liver
metastases, with the response to chemotherapy in patients with
metastatic colorectal cancer. The analysis consisted of 32 samples
from 22 patients with metastasized colorectal cancer, including ten
pairs of primary tumors and corresponding liver metastases. In
primary tumors the ratio of stained immune cells in the epithelial
portion of the tumor as compared to the total number of immune
cells staining for CD3, CD8 and Granzyme B showed a relationship
to the response to chemotherapy and the time to progression under
chemotherapy. The primary tumors showed marked intra-tumoral
heterogeneity with respect to immune cell densities. Infiltrate
densities differed significantly between corresponding primary
tumors and liver metastases, a variability that was also observed at
the invasive margin of liver metastases. This suggests that immune
infiltrates at the invasive margin of liver metastases could be
predictive with respect to response to treatment. This is currently
being evaluated in a larger patient cohort.
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Introduction

In the United States alone, colorectal cancer (CRC) is one of
the major causes of cancer death, causing more than 55 000
deaths per year (1). Almost 50% of the patients die because of
problems related to disease progression (2). Prognostic
estimations are based on the standard TNM classification,
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whereas it has recently been shown that outcome is governed
predominantly by immune responses at the primary tumor site
(3).

Not only genetic changes in cancer cells promote tumor
progression, but there is also increasing evidence for epigenetic
and environmental factors playing a role (4). Inflammation can
promote tumor progression in colorectal cancer, e.g. through
inflammatory mediators like TNF-a (5, 6). On the other hand,
immune surveillance can not only eliminate tumors but can also
select tumor cell variants resistant to immune surveillance
mechanisms (7), a process called "immunoediting” (8, 9, 10). In
humans, a detailed evaluation of immune responses at the
tumor site can be used to predict a prognosis for patients with
CRC (3, 11, 12, 13).

Tumor-infiltrating immune cells can be understood as the
anti-tumor immune response of the host. It has been shown that
patients with a prominent lymphocyte infiltrate have improved
survival rates (3, 13), whereas the overall density of the
lymphoid infiltrate is not the critical parameter. Intra-tumoral
immune cells are frequently functionally defective, incompletely
activated (14), and include regulatory subtypes which vary with
the type of cancer (15, 16, 17). Therefore, detailed distinctions
with respect to lymphocyte types, their location, functional
status, and their interactions have been shown to have a more
profound impact on prognosis (3).

Another largely unknown aspect of the adaptive immune
response is the synergistic or antagonistic interaction with
chemotherapy. It is known that certain chemotherapies can
induce a more "immunogenic" apoptosis of malignant cells and
thereby stimulate an immune response (18, 19). Anti-tumoral
CD8+ T cell function can be reconstituted (e.g. in ovarian
carcinomas) through a successful systemic chemotherapy (20),
supporting the idea that anti-tumor chemotherapies with
limited immunosuppressive side effects can indeed restore anti-
tumoral immune responses. Furthermore, low dose
chemotherapy was successful in enhancing the anti-tumor
responses of adoptively-transferred antigen-specific CD8 T cells
in metastatic melanoma (21). If tumor-infiltrating immune cells
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Figure 1

Heterogeneity in the density of infiltrating lymphocytes in primary tumors. Two different regions of the same primary tumor are shown. (A) Low density infiltrate.

(B) High density infiltrate. CD3 staining in dark red, with a hematoxylin counterstain.

Table 1

Range of values seen for the ratios of CD3, CD8, Granzyme B and
CD45RO positively stained cells in primary colorectal tumor sam-
ples.

Ratio Lowest Highest
Value Observed Value Observed

CD8:CD3 0.0902 0.6732
CD45:GranB 0.8603 5.7941
GranB:CD3 0.0325 0.7941
CD45:CD8 4.1920 459038
GranB:CDS8 0.1172 2.2500
CD45:CD3 0.9085 5.7941

have an impact on the efficacy of chemotherapy, it is of great
interest to understand where these infiltrates are localized and
the composition of these infiltrates.

Results

Immunohistochemical characteristics of primary colorectal tumors

Primary colorectal tumors were stained with anti-CD3, CD8,
Granzyme B and CD45RO antibodies. Intra-tumoral
heterogeneity with respect to infiltrate densities was observed
(Figure 1). On each slide we randomly selected up to eight
windows, 1 mm? in size, of the primary tumor. Positively stained
cells were counted manually, as well as assessed automatically.
Automatic counting was performed by a two-step approach. The
median number of positively stained cells for each antibody
staining (for each patient) was then used to calculate the
minimum and maximum cell counts observed in the patients;
these values are expressed as multiples of the median. The
following ranges of values were determined for the samples from
all 22 patients: The number of cells staining for CD3 ranged
from 1 cell/mm?” to 1116 cells/mm?. A minimum of 0 and a
maximum of 570 cells/mm? stained positively for CD8. The
number of cells staining for CD45RO ranged from 12 cells/mm?
to 1560 cells/mm?. For Granzyme B, a minimum of 0 and a
maximum of 95 cells/mm? stained positively. As an additional
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sub-analysis, the proportion of each subgroup of immune cells
was calculated for each antibody staining on identical regions on
the slide. Ratios for CD8:CD3, GranB:CD3, CD45:CD3,
GranB:CD8, CD45:CD8 and GranB:CD45 positively stained
cells were calculated and are presented in Table 1. Surprisingly,
analyses of single stainings of CD3, CD8, Granzyme B and
CD45RO did not reveal any interrelationships in clustering
analyses.

Since differentiated colorectal tumors consist of two
compartments, the tumor stroma (usually bearing higher
numbers of immune cells) and the epithelial part (or
"adenomatous” region), these two well defined areas were
further investigated. Infiltrating cells were counted differentially
as epithelial or stromal. A new index named the "Epithelial
index" (E;) was defined which has the following formula:
E; = (Cepithelial/ Ctotal) X 100, where C is the number of positively
stained cells per mm” and Ciotq1 = Cepithelial + Cstromal- Using
this index for all primary colorectal tumors analyzed, we could
identify a clustering of E; values for CD3, CD8 and Granzyme B
stainings. Clustering revealed single cut-off values for each
staining (Ecps 7%, Ecpg 15%, EGrang 12%) (see Materials and
methods; for details of the number of positively stained cells,
refer to Supplementary Table 1). Combining these three cut-off
values to generate a score (equal weight, range 0-3) resulted in
two patient groups, a group with the score of 0 versus a group
with a score 1 or more (Figure 2). Statistical analysis with respect
to time to progression under chemotherapy showed a significant
difference between these two groups (Mann-Whitney U-test,
P =0.004; two-tailed, z=-2.861, n = 20). The median time to
progression in the group with a score of 0 was 6 months, while
that of the group with a score of 1 or more was 12 months.

As an additional sub-analysis, the ratios of each subgroup of
immune cells (see above) were analyzed with respect to time to
progression. However these data were not informative and did
not show any clustering (data not shown).

Immunohistochemical characteristics of liver metastases
Evaluation of the center of the metastases by hematoxylin
staining (and antibody staining) revealed a heterogeneous
immune cell infiltration dependent on the presence (and
dimension) of necrotic, hemorrhagic, mucinous and fibrotic
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Figure 2
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Clustering of patients according to the epithelial index (E;) score. The center of each primary tumor was analyzed and the epithelial index determined. Each row cor-

responds to a single patient, with the length of the column representing the time to progression (in months) from the start of chemotherapy.

Invasive margin of liver metastases with different densities in infiltrates.
Images from two different patients are shown. (A) Low density infiltrate. (B)
High density infiltrate. CD3 staining in dark red, with a hematoxylin counterstain.
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compartments. However, the invasive margin (the boundary
between normal liver tissue and the metastasis) showed marked
variations: the difference in infiltrate density at this boundary
between different patients was striking (Figure 3). The cell
count revealed a broad range of values for CD3, CD8 and
Granzyme B positively staining cells. However the number of
liver metastases investigated was much too small for a detailed
statistical analysis to be carried out to determine whether these
were related to the response to chemotherapy. Further analyses
are currently being conducted.

Immunohistochemical characteristics of primary tumors and of the
respective liver metastases

The relationship between infiltrates in primary tumors and in
the corresponding liver metastases was analyzed in ten patients.
For each pair of samples, the number of positively staining cells
was expressed as various ratios and showed great heterogeneity.
There was no clear association between the density of infiltrates
in the primary tumor and the infiltrate density at the
corresponding liver metastasis. However the number of samples
was small and this evaluation could have been influenced by the
heterogeneity of the primary tumor. Great variations in infiltrate
density were seen in primary tumors making comparisons
difficult. We will try to evaluate this aspect in a larger group of
patients, using different statistical models to single out possible
informative infiltrate densities (e.g. "one-out-of-ten" system).

Discussion

For metastatic colorectal carcinoma, the association between
tumor-infiltrating lymphocyte densities and overall survival was
reported previously (3, 11), demonstrating the importance of
infiltrating immune cells in shaping the course of the disease.
Still unknown is the correlation of infiltrate densities between
primary tumors and metastases and the influence of the
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presence of infiltrates on chemotherapy. We observed an
enormous intra-tumoral variation in infiltrate densities within
some of the primary tumors. This observation required careful
evaluation of the overall densities by elaborate quantification
methods. Given this heterogeneity, it appears difficult to base
predictions only on single fields 1mm? in size. Virtual
microscopy allows large sections of tumors (e.g. 12 mm?) to be
evaluated and therefore provides a superior estimation of
densities, especially with heterogeneous tumors or markers.

By applying robust statistical methods we were not able to
detect a relationship between the number of CD3, CDS§,
CD45RO or Granzyme B positively staining cells and the time to
progression under chemotherapy. There was, however, an
association between the epithelial index and time to
progression. The importance of intraepithelial immune cells for
the overall prognosis of primary colorectal cancer specimens
has been described before (12), and these intraepithelial
immune cells also appear to play a role in chemotherapy
efficacy. However, the association between epithelial index (E;)
and time to progression can only be seen as a surrogate marker.
Positively stained epithelial effector immune cells have
apparently migrated into the epithelial compartment and the
index value reflects the percentage of this subset of positively
stained cells in the region of interest. This could be understood
as a specific immune reaction against tumor tissue, where the
immune cells are able to migrate into the epithelium of the
tumor tissue. It is, however, pure speculation as to why these
cells are present in the epithelium. Taking the heterogeneity of
the primary tumors into account, this could be attributed to a
different immunological environment with a different antigen
and cytokine expression. Nevertheless we could observe a
statistically significant association between the proportion of
positively stained immune cells in the epithelium, as expressed
by the epithelial index (E;), and the time to progression.

Of course, only tumors which were clearly differentiated into
an epithelial and a stromal component could be analyzed. One
sample had to be excluded from this analysis due to this
constraint (being a mucinous carcinoma). This observation is
generally limited to a smaller number of colorectal carcinomas.
As hypothesized, the ratio of epithelial to total (stromal and
epithelial) cell counts reflects a specific effective anti-tumor
reaction of the effector cells against the tumor, while absolute
numbers reflect the general activation. A clear limitation of the
detected relationship is the small number of patient samples, but
the differences observed were statistically significant and should
spark further investigations in larger cohorts of patients. In
clinical routine, no marker for the prediction of chemotherapy
efficacy is available. Thus many patients receive chemotherapies
without benefits and with marked side effects. The observed
association with the epithelial index (E;) might be a possible
future tool to guide clinical and therapeutic decisions for
patients with metastasized colorectal cancer. No direct
association was observed between infiltrates in the primary
tumor and that in liver metastases. The difference in immune
cell densities between primary tumors and liver metastases may
point to the immunoediting function of the immune system,
whereby circulating tumor cells are subject to selection by the
adaptive immune response.

Another interesting observation was the marked difference in
cell densities in different patients in the invasive margin of liver
metastases. This suggests that the immune infiltrates at the
invasive margin of liver metastases may be informative. To
address this observation, larger cohorts of patient samples will
be analyzed in further immunological studies. These studies
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may also shed some light on how tumor-infiltrating immune
effector cells actually influence the time to progression under
chemotherapy.
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Materials and methods

Samples and patients

Archival specimens were obtained from 22 patients at the
University Clinic Heidelberg. Samples were used after receiving
a signed informed consent from patients. The study was
approved by the Medical Ethical Committee of the University of
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Heidelberg. A total of 32 samples were analyzed, 22 primary
tumors and 10 liver metastases, allowing the analysis of 10 pairs
of primary tumor and corresponding liver metastasis.

For patients' characteristics see Supplementary Table 2.
Patients were included in this analysis when diagnosed with
stage UICC IV colorectal cancer and treated at our facilities.
Mean age was 64 years, with 38% of the patients being women.
Two out of the 22 patients had metachrone metastases. These
two patients received adjuvant chemotherapy consisting of 5-
FU- and oxaliplatin-based regimens which were administered
for six months. When investigating the association between
infiltrate densities and the response to chemotherapy in a
homogeneous patient group, these two patients were omitted
from the statistical analysis. All other patients received either an
irinotecan- or an oxaliplatin-based first line therapy plus
additional antibody treatment with either bevacizumab or
cetuximab. Patient characteristics of the subgroup with low time
to progression (E; score of 0) were similar to the overall
distribution of patient characteristics (mean age 58 versus 64
years old, 40% female versus 38% female, chemotherapy
regimen used). Time to progression was calculated from the
beginning of palliative chemotherapy onwards.

Immunohistochemical staining

Sections were cut from paraffin-embedded blocks. The
following mouse monoclonal antibodies were used: anti-human
CD3 (DAKO, Carpinteria, CA), CD8, Granzyme B (Novocastra,
Newcastle, United Kingdom) and CD45RO (1:100 dilution,
clone UCHL-1, Biologo, Germany). Immunohistochemistry of
paraffin sections was carried out using a two-step protocol
(Novolink Polymer Detection System, Novocastra) according to
the manufacturer's instructions. Paraffin sections were
deparaffinized and then hydrated. Following microwave antigen
retrieval, endogenous peroxidase activity was blocked by
incubating the slides in 0.3% H,0, and nonspecific binding sites
were blocked with Protein Block (RE7102; Novocastra), as
required. After serial incubation with primary antibodies, Post
Primary Block (RE7111; Novocastra), and secondary antibody
(Novolink Polymer RE7112), the sections were developed in
diaminobenzidine solution under a microscope and
counterstained with hematoxylin. Negative control slides in
which primary antibodies were omitted were included in all
assays. All slides were counterstained using hematoxylin.

Evaluation of immunohistochemical variables

The number of stained immune cells was counted using a
computerized image analysis system consisting of an NDP
Nanozoomer from Hamamatsu Photonics attached to a
personal computer. This system is unique in the world and was
installed in the Hamamatsu Tissue Imaging and Analysis Center
(TIGA) in the BIOQUANT Center at the University of
Heidelberg. Using the NDP Nanozoomer, complete microscopic
images of full tissue sections can be automatically obtained for
later automatic or visual analysis (virtual microscopy). Such
gigabyte-size images require special algorithms for effective
image processing. As opposed to conventional digital
microscopy systems, the NDP Nanozoomer generates digital
images of full tissue sections, allowing large scale histological
evaluations with high precision across the complete section.
Thus ambiguities due to varying cell densities across the tissue
can be avoided. Moreover, a sophisticated digital imaging
system allows the precise comparison of regions of interest
between different slides from the same tissue.
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To manually evaluate immune cell numbers in the invasive
margin of the metastasis, 5 to 8 regions of interest (each 1 mm?)
were selected. The manual evaluation of stained immune cells
was performed (in duplicate) without knowledge of the
clinicopathologic data by two independent observers. Variations
in the enumeration within a range of 5% were re-evaluated and a
consensus decision was made. The results were expressed as the
mean number of positively stained cells per mm~ for one
computerized microscopic field (1 mm~ in size).

For the center of the tumor (and that of the corresponding
metastasis), a grid of tiles (each 1 mm?) was generated and each
tile was numbered sequentially. Five tiles were then selected
randomly by a computer program for further evaluation.

To reassess the manual cell counts we developed a software
program to measure cell densities across a given region of
interest (12 mm?). The resulting ratios were then compared and
generally yielded a high coherence to the number of cells
counted manually. To further evaluate the manual counting we
used the ImageJ software package (22) to count cells directly
from digital images. Again the resulting numbers supported the
manually counted cell numbers, with a tendency to
underestimate cell numbers in regions with very high cell
densities (due to misinterpreted cell agglomerates).

Granzyme B, constitutively expressed by natural killer cells, is
only expressed on activated CD8+ CTLs. Both Granzyme B
positive cells with a sparsely granulated pattern and densely
positive natural killer cells were evaluated.

Statistical analyses

Statistical analyses were performed using the SPSS 15.0
software (SPSS, Chicago, IL). Clustering analyses were
performed using either the hierarchical clustering analysis tool
or visual inspection. "Cut-off" values were defined as the lowest
number of cells separating a subgroup of patients, e.g. with no
response to chemotherapy. In the first analysis, the samples were
clustered according to "marked" chemotherapy response (i.e.
partial or complete remission, not stable disease). A secondary
analysis was performed to assess the relationship between
immune cell stainings (clustering results) and clinicopathologic
characteristics using the time to progression interval under
chemotherapy as a surrogate for therapeutic efficacy. For the
comparison of individual variables, Mann-Whitney U-tests and,
where possible, t-tests were carried out as appropriate. Two-
tailed P < 0.05 was judged to be significant.
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Supplemental data

Supplementary Table 1. Analysis of CD3, CD8, Granzyme B and
CD45RO positively stained cells in primary colorectal tumor
samples.

Download ~ from  http://www.cancerimmunity.org/v9p1/
090102_suppl_tabl.txt (2 KB tab-delimited TXT file).

Supplementary Table 2. Patient characteristics.
Download  from  http://www.cancerimmunity.org/v9p1l/
090102_suppl_tab2.txt (2 KB tab-delimited TXT file).

Entire supplemental data set.
Download  from  http://www.cancerimmunity.org/v9p1/
090102_suppl_data.zip (2 KB WinZip file).
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