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Abstract
Background. Although immunotherapy works well in glioblastoma (GBM) preclinical mouse models, the therapy 
has not demonstrated efficacy in humans. To address this anomaly, we developed a novel humanized microbiome 
(HuM) model to study the response to immunotherapy in a preclinical mouse model of GBM.
Methods. We used 5 healthy human donors for fecal transplantation of gnotobiotic mice. After the transplanted 
microbiomes stabilized, the mice were bred to generate 5 independent humanized mouse lines (HuM1-HuM5).
Results. Analysis of shotgun metagenomic sequencing data from fecal samples revealed a unique microbiome 
with significant differences in diversity and microbial composition among HuM1-HuM5 lines. All HuM mouse 
lines were susceptible to GBM transplantation, and exhibited similar median survival ranging from 19 to 26 days. 
Interestingly, we found that HuM lines responded differently to the immune checkpoint inhibitor anti-PD-1. 
Specifically, we demonstrate that HuM1, HuM4, and HuM5 mice are nonresponders to anti-PD-1, while HuM2 and 
HuM3 mice are responsive to anti-PD-1 and displayed significantly increased survival compared to isotype con-
trols. Bray-Curtis cluster analysis of the 5 HuM gut microbial communities revealed that responders HuM2 and 
HuM3 were closely related, and detailed taxonomic comparison analysis revealed that Bacteroides cellulosilyticus 
was commonly found in HuM2 and HuM3 with high abundances.
Conclusions. The results of our study establish the utility of humanized microbiome mice as avatars to delineate 
features of the host interaction with gut microbial communities needed for effective immunotherapy against GBM.

Key Point

•  We have created a unique model in which mice are colonized by human microbial 
communities in the GI tract, which allows us to investigate the role of human microbial 
communities on the growth and response to therapies in a preclinical mouse model of 
glioma.

Human gut microbial communities dictate efficacy of 
anti-PD-1 therapy in a humanized microbiome mouse 
model of glioma
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Patients diagnosed with glioblastoma (GBM), the most 
common primary malignant brain tumor, have a grim prog-
nosis and a median survival of only 12–16 months despite 
aggressive treatment regimens.1 Recently, the field of im-
munotherapy (promoting an anti-tumor immune response) 
has demonstrated successful and exciting results in mela-
noma and lung cancer.2 These efforts include antibodies that 
block the immunosuppressive signals on T-cells to activate 
an anti-tumor response, termed immune checkpoint in-
hibitors (ICI), and include anti-programmed death ligand 1 
(PD-1) and anti-cytotoxic T-lymphocyte-associated protein 4 
(CTLA-4). Studies have shown that successful ICI treatment 
is associated with increased cytotoxic CD8+ (granzyme-B+ 
or IFN-γ +) T-cells and reduced Tregs in the tumor.3,4 The first 
large clinical trial of ICI testing anti-PD-1 in recurrent GBM 
(CheckMate-143) found that there was a failure of anti-PD-1 
(with or without combination anti-CTLA-4) to prolong 
overall survival compared to the control of bevacizumab.5,6 
However, 3 studies found that that there is a positive T-cell 
response following anti-PD-1 treatment in GBM patients, 
and that altering the dosing schedule may provide better 
response.7–9

There is a growing awareness for the role of the gut 
microbiome in the development and function of the im-
mune system.10,11 Furthermore, there is extensive crosstalk 
and interaction between the gut microbiota and the brain, 
termed the gut-brain axis.12 Many of these interactions 
have been studied through the use of gnotobiotic (germ-
free) mice, which have no live microbes in the GI tract. 
These animals have defective immune responses that can 
be restored by microbe transplant. Surprisingly, the com-
position of the gut microbiome has been shown to pro-
mote resistance to immunotherapy in melanoma and other 
cancers.13–15 In 2015, it was reported that mice with dif-
ferent gut microbiomes exhibited different rates of tumor 
growth, and immunotherapy was ineffective in gnotobiotic 
mice or mice that have been treated with antibiotics.14,15 In 
2018, reports evaluated primarily melanoma patient gut 
microbiomes, including metastatic melanoma patients, 
and identified responders and non-responders to immuno-
therapy.13 More recently, a study found that the community 
of commensal microbes per individual, not just one spe-
cies of bacteria, act as a consortium to produce a maximal 

immune response and effectiveness of immunotherapy in 
tumor models.16 However, to date, no studies have evalu-
ated the role of the gut microbiome and response to immu-
notherapy in GBM.

Although anti-PD-1 works well in GBM preclinical 
mouse models, the therapy has not demonstrated a sim-
ilar efficacy in patient clinical trials.5,7,8,17 We note, that 
to date, all GBM pre-clinical studies have been done in 
mouse models using mouse gut microbiomes. There are 
significant differences between mouse and human micro-
bial gut compositions, and some studies have found that 
85% of gut bacteria found in laboratory mice are not found 
in humans.18 Therefore, we have utilized a humanized 
microbiome (HuM) model, in which mice have been col-
onized by healthy human donor microbial communities, 
to determine the effect of the various microbial communi-
ties and response to therapy in a preclinical mouse model 
of GBM. In this study, we examined the growth of GL261 
murine brain tumors and response to ICI therapy in HuM 
mice, which are genetically identical and only differ in the 
composition of the gut microbiome. Interestingly, we have 
found that the HuM microbiome composition of the mice 
influences the efficacy of anti-PD-1 therapy in mice with 
intracranial tumors, with some HuM mice exhibiting re-
sistance and other HuM mice displaying a positive anti-
tumor response to anti-PD-1. Overall, this study indicates a 
prominent and important role of the gut microbiome in the 
response to immunotherapy in a GBM preclinical model.

Materials and Methods

Ethics Statement

All experiments with mice (male and female) were per-
formed with the approval of the University of Alabama 
at Birmingham (UAB) Institutional Animal Care and Use 
Committee (#IACUC-21220, IACUC-21645, and IACUC-
21922). Consent form for human fecal samples was 
obtained as part of an ongoing IRB-approved study at 
UAB IRB300004198. Informed consent from all donors was 
obtained.

Importance of the Study

Although immunotherapy works well in GBM 
preclinical mouse models, the therapy has 
not demonstrated efficacy in GBM patients. 
While the reason for this discrepancy is un-
known, all GBM preclinical studies to date 
have been done in mouse models using mouse 
gut microbiomes. We hypothesize that the gut 
microbiome may influence the response of 
GBM patients to immunotherapy. Therefore, 
we employed a unique model in which mice are 
colonized with human microbial communities 

from 5 different healthy donors to generate 5 
unique humanized microbiome mouse lines to 
test the growth and response to GBM growth in 
mice. We found that the human microbial com-
munities in the GI tract of the mice influenced 
the response to immunotherapy, with some 
exhibiting a beneficial response and others 
being nonresponsive. This is the first study to 
examine how human microbial communities 
influence the growth and response to therapies 
in a preclinical model of GBM.
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Cells and Reagents

GL261 cells were a kind gift from Dr. G. Yancey Gillespie 
(University of Alabama at Birmingham). Cells were grown 
at 37°C and 5% CO2 in DMEM/F12 media supplemented 
with 10% FBS and penicillin/streptomycin and L-glutamine 
as described.19 Immunotherapy antibodies anti-PD-1 
(InVivoMAb clone #RMP1-14) and anti-isotype control 
(InVivoMab rat IgG2a isotype control clone #2A3) were 
purchased from BioXcell. Temozolomide was purchased 
from Cayman chemicals. Oraplus solution was purchased 
from Amazon.

Generation of HuM Mice

The generation and validation of the humanized 
microbiome mouse model are detailed as previously de-
scribed.20 Briefly, fecal samples were collected with in-
formed consent from healthy human donors. Samples 
were cryogenically preserved to allow fecal transplantation 
into gnotobiotic mice. Gnotobiotic mice used that were 
available from the UAB Gnotobiotic core are 10BitFoxP3.
GFP B6 mice, which are BL/6 background mice and appro-
priate for the GL261 model of glioma.21 Gnotobiotic mice 
were given 100–200  μL of donor fecal material via oral 
gavage to establish humanized microbiome mice as de-
scribed.20 Mice were bred and the progeny of these lines 
were used for all experiments herein. For control mice, 
gnotobiotic mice of the same genetic strain (10BitFoxP3.
GFP B6) were given a transplant of a fecal sample from a 
WT C57BL/6 mouse to mimic a murine microbiome (MuM) 
mouse and bred for experiments.

Isolation of Microbial DNA and Metagenomic 
Sequencing

Fecal samples were collected from the HuM mice, micro-
bial DNA was isolated using the Zymo Fecal DNA Isolation 
kit, and shotgun metagenomic sequencing was performed 
as described.20 The metagenomics sequencing FASTQ 
files used in this study were previously deposited in the 
National Center for Biotechnology Information BioProject 
under accession number PRJNA593263.20

Taxonomic Profiles of the HuM Mice and 
Diversity Analyses

Taxonomic profiles for healthy human donor fecal sam-
ples, breeders, and their F1 progenies (mice born from 
the humanized microbiome breeder mice) were analyzed 
as previously described.20 In this study, we have selected 
the taxonomic profiles from only F1 progenies to further 
conduct diversity analyses. The taxa (species level resolu-
tion) abundance table which included “estimated number 
of reads from the clade” values was standardized and 
then used to determine the Bray-Curtis distance matrix 
values using vegan R package.22,23 A cluster dendrogram 
was created based on the Bray-Curtis distance matrix 
using “hclust (method = average)” function in the vegan R 
package.22,24 Nonmetric multidimensional scaling (NMDS) 

plot was also generated to show variation between each 
sample using vegan R package.22 In the NMDS plot, sam-
ples were grouped by ellipses with a confidence interval of 
95% using vegan R package22,25 Shannon diversity meas-
urements were determined using vegan R package22 and 
plotted for all humanized mice. The Venn diagram plot was 
created to represent the shared and unique microbial spe-
cies among the 5 HuM groups using the gplots26 and the 
VennDiagram27 packages in R.

Intracranial Injections

HuM mice (HuM1-HuM5) or MuM mice ages 6–12 weeks 
were used for the intracranial tumor experiments, and 
tumor injections performed as previously described.19 For 
the immunotherapy experiments, mice were randomized 
to receive immunotherapy (anti-PD-1 or isotype control) 
starting on day 5 postintracranial injection. Mice were 
given anti-PD-1 (200 μg) or isotype control (200 μg) via i.p. 
injection once every 3 days for a total of 4 doses. Mice were 
monitored for survival and euthanized upon neurological 
signs of tumor burden. Mice that unexpectedly died prior 
to the end of treatment and without visible tumor growth 
were excluded. For the TMZ experiments, mice were ran-
domized on day 5 post-tumor injection to receive TMZ 
(25  mg/kg) or vehicle (Oraplus) via oral gavage twice a 
week for 2 weeks. Mice were monitored for survival and 
euthanized upon moribund. Brains were formalin fixed, 
paraffin embedded and sectioned (8 μm) for H&E staining 
by the Comparative Pathology Core (UAB).

Statistics

For all microbiome-related sample analysis, metagenomics 
sequencing and analyses was performed by the UAB 
Microbiome Resource. For the Shannon diversity box 
plot, statistical significance (P value < .05) was determined 
by using 1-way ANOVA followed by Tukey’s multiple-
comparisons post-hoc test in R software.28 Differences 
in microbial community structure between groups were 
measured using permutational multivariate analysis of 
variance (PERMANOVA) with the function ADONIS in the 
vegan R package.22 For survival analysis, LogRank was 
used to determine statistical significance between survival 
curves. For all other analyses, Student’s t-test was used to 
compare 2 samples and a 1-way ANOVA with Tukey’s post-
hoc test was used to compare 3 or more samples. If normal 
distribution failed, then Mann–Whitney test was used for 
two comparisons and Kruskal–Wallis test used for more 
than two comparisons. For all statistical analyses, a P value 
of <.05 was considered statistically significant.

Results

Generation of Humanized Microbiome Mice

We transferred 5 healthy human donor fecal samples (via 
oral gavage) into gnotobiotic mice to establish humanized 
microbiome (HuM) mice: HuM1, HuM2, HuM3, HuM4, and 
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HuM5. We then established breeder pairs of these mice by 
housing with gnotobiotic male mice, which maintains the 
human microbes in the GI tract and creates a novel colony 
model system. We have recently published the method of 
our HuM model and confirmed that specific microbial com-
munities (at the species level) are successfully passed on 
to the progeny.20 For this study, F1 progenies from each of 
the HuM lines were used for the experiments and analyses 
herein.

Significant Differences in Microbial Communities, 
Diversity, and Clustering Between the 
Humanized Mice

Fecal samples from the HuM mice (HuM1-HuM5) were 
collected and analyzed for metagenomic sequencing in 
order to confirm differences in gut microbiota between 
each group. We found significant differences in the micro-
bial community structure between HuM1-HuM5 as shown 
by distinct clustering in the NMDS plot (Figure 1A). When 
comparing diversity within a single HuM group, Shannon 
diversity analysis found that HuM2 exhibited the highest 
average value compared to the other HuM mice and was 
significantly higher than HuM1 and HuM4 (Figure 1B). 
HuM3 mice displayed the second highest average value 
and was significantly higher than HuM4 mice. HuM4 
microbiome mice had the lowest value compared to all 
other HuM mice. Overall, this confirms that each of the 5 
HuM mice lines are distinct and significantly different from 
one another.

Analysis of Intracranial Glioma Growth in 
Humanized Microbiome Mice

Next, we wanted to examine how the different microbiome 
communities would affect tumor growth in the HuM mice 
using the GL261 syngeneic preclinical model of glioma. No 
previous reports have analyzed glioma growth in mice with 
human microbes colonizing the GI tract. We injected HuM 
mice (HuM1 – HuM5) with GL261 glioma cells to determine 
if human microbes in the GI tract affect tumor growth and 
overall survival. We found that glioma tumors grew in all 
5 groups of HuM mice, and the overall survival curves are 
comparable between groups (Figure 2A–E). To confirm 
tumor growth in these mice, a representative H&E image of 
a mouse brain with prominent tumor growth for each HuM 
mouse is shown (Figure 2A–E, inset). The tumors are highly 
angiogenic, necrotic, and invasive as demonstrated by the 
histology analysis for each of the HuM mice. Additionally, 
the median survival times of the HuM mice are shown and 
vary between the shortest at 19 days (HuM4) to the longest 
at 26 days (HuM5) (Figure 2F). Overall, this indicates that 
humanized microbe communities do not overtly impact or 
prevent the growth of intracranial glioma tumors in mice.

Humanized Microbiome Mice Exhibit Different 
Responses to Anti-PD-1 in a Glioma Model

As others have reported the microbiome can influence re-
sponse to immunotherapies, we examined the ability of 
anti-PD-1 to prolong survival in our HuM mice with brain 
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Figure 1. Significant differences in microbial communities, diversity and clustering between the humanized mice. (A) Nonmetric multidimen-
sional scaling (NMDS) plot shows overall differences in the microbial community structure at the species level across all humanized mice (n = 4 
per group; n = 20 total). A significant difference (R2 = 0.94, P value = 1e-04) in microbial community structure across all groups was supported by 
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5Dees et al. Humanized microbiome mice and therapy response in glioma
N

eu
ro-O

n
colog

y 
A

d
van

ces

tumors. MuM (murine microbiome as controls) mice and 
HuM1-HuM5 (humanized microbiome) mice were intracra-
nially injected with GL261 cells and on day 5, mice were 
randomized to receive anti-PD-1 or isotype control. As ex-
pected and reported by others,17 anti-PD-1 significantly 
prolonged survival of MuM mice with intracranial tumors 
(Figure 3A). When examining the response to anti-PD-1 in 
the HuM mice, we found that anti-PD-1 also significantly 
prolonged survival in the HuM2 and HuM3 mice (Figure 

3C and D). This indicates that HuM2 and HuM3 are re-
sponders to anti-PD-1. Surprisingly, anti-PD-1 was unable 
to prolong survival in the HuM1, HuM4, or HuM5 mice 
(Figure 3B,E,F), indicating resistance to anti-PD-1. This in-
ability of anti-PD-1 to prolong survival in HuM1, HuM4, 
and HuM5 mice mirrors the resistance observed in GBM 
patients. Overall, this indicates that human microbiota 
can influence the response to immunotherapy, and that 
some HuM mice are resistant (HuM1, HuM4, and HuM5) to 
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anti-PD-1 therapy, while other HuM mice are responders 
(HuM2 and HuM3).

HuM2 Mice Display an Enhanced CD4+ and CD8+ 
T-cell Response Following Anti-PD-1 Treatment

Others have reported that baseline T-cell percentages and 
cytokine expression can predict response to immuno-
therapy.16,29 Therefore, we next examined the peripheral 

T-cell response to anti-PD-1 in naive mice (nontumor) for 
wild-type (WT; C57BL/6), a resistant line (HuM1) and a re-
sponder line (HuM2). Mice were randomized to receive 
anti-PD-1 or isotype control via i.p. injection every 3 days 
for a total of 4 doses to mimic the tumor experiment dosing 
regimen. We found that HuM2 mice exhibited a significant 
increase in cytotoxic CD8+ and CD4+ T-cells producing IFN-
γ (Supplementary Figure 1A and B) following anti-PD-1 
treatment, which was not observed in the HuM1 mice. We 
did not detect a significant difference in the percentage 
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of Tregs in mice treated with anti-PD-1 (Supplementary 
Figure 1C), but a significantly increased CD8+/Treg ratio 
(Supplementary Figure 1D) was revealed in the HuM2 
mice following anti-PD-1 treatment. Others have reported 
that the ratio of CD8/Tregs can be used as a marker for suc-
cessful anti-tumor response to immunotherapy.17 Most 
importantly, HuM1 CD8+ T-cells did not display an increase 
following anti-PD-1, indicating possible CD8+ T-cell dysfunc-
tion or anergy in HuM1 mice (Supplementary Figure 1A).

Standard of Care Temozolomide Maintains 
Efficacy in Humanized Microbiome Mice

We also examined if temozolomide (TMZ), the standard 
of care chemotherapy for patients with GBM, is still effi-
cacious in mice with humanized microbiomes. Similar to 
the immunotherapy experiments, MuM mice and HuM 
mice (HuM1-HuM5) were intracranially injected with GL261 
cells and were randomized to receive TMZ or vehicle con-
trol. As expected, TMZ significantly prolonged survival in 
the MuM mice (Supplementary Figure 2A). Interestingly, 
we found that TMZ treatment also prolonged survival in 
the HuM mice (HuM1-HuM4; Supplementary Figure 2B–E). 
This indicates that the various microbial communities do 
not have a negative effect on the ability of TMZ to exert 
anti-tumor effects. However, HuM5 mice did not exhibit a 
significant prolonged survival, due to one long-term ve-
hicle survivor, but did exhibit the same trend as the others 
(Supplementary Figure 2F). Overall, TMZ efficacy does not 
appear to waiver in effectiveness in mice with different 
human microbiomes.

Taxonomic Distribution of Microbial Communities 
in the HuM Mice

We found that colonization of mice with human micro-
bial communities influences the therapeutic response of 
anti-PD-1 for mice with intracranial tumors. Specifically, 
HuM2 and HuM3 mice are responsive to anti-PD-1 and dis-
play prolonged survival, whereas HuM1, HuM4, and HuM5 
are resistant to anti-PD-1. Therefore, we next examined 
more closely the taxonomic distribution and relative abun-
dance of microbes at the species level in the HuM mice 
in order to assess potential unique microbial species that 
may be contributing to the observed phenotypes. The rel-
ative abundance of the total species detected during our 
analyses is shown as an average of sampled progeny for 
each group (Figure 4A), and the top 5 species with regards 
to relative abundance are listed for each HuM mouse line 
(Figure 4B). The total taxonomic distribution data for the 
averaged HuM groups is shown in Supplementary Table 1, 
and total taxonomic distribution data for each individual 
HuM sample is shown in Supplementary Table 2.

We found that both HuM2 and HuM3 mice exhibited 
high levels of Bacteroides cellulosilyticus. Additionally, 
HuM2, HuM3, and HuM5 mice had high levels of Blautia 
producta. HuM1 mice appeared to be the only group exhib-
iting an abundance of Bacteroides ovatus in the top 5 rel-
ative abundant microbes. HuM4 and HuM5 mice exhibited 
a high relative abundance of Bacteroides intestinalis and 

Bacteroides uniformis. High levels of B.  uniformis were 
found in the top 5 for almost all groups, except HuM2. 
Overall, these data illustrate and confirm that HuM mice 
display varying abundances of human microbes at the spe-
cies level.

HuM Mice Have Shared and Unique 
Microbial Species

Rather than focusing on one particular microbial species 
in the HuM lines, we next examined how many and which 
microbes are shared or unique among the HuM mice. Each 
of the HuM mice has a unique microbiome composition, 
but there are species that are both shared and unique to 
each line. The Venn diagram illustrates the complex overlap 
between shared and common species for each of the HuM 
groups (Figure 4C), and a pairwise comparison matrix is 
shown for the 5 HuM groups (Figure 4D). The values shown 
in the table represents the number of common species 
found in each selected pairwise comparison (ie, HuM1 
vs HuM1 = 58 total species detected; HuM1 vs HuM2 = 44 
total species shared). In looking at HuM2 and HuM3 re-
sponder mice, we found that together these mice share 
3 unique microbes that are not shared among the other 
HuM mice, which include Alistipes indistinctus, Blautia 
hydrogenotrophica, and Eubacterium limosum, but are all 
in relatively low abundance (Supplementary Table 3). We 
also found that there are unique microbes that are exclu-
sively found in each HuM mouse line, which are listed in 
Table 1. For example, HuM2 mice have 11 microbes that are 
unique to only HuM2. Specifically, Bacteroides coprocola 
and Bacteroides caccae are 2 microbes that are only found 
in HuM2 mice, and both are in the top 5 abundance for 
HuM2. HuM3 mice have 5 microbes that are unique to only 
HuM3 (Table 1), but all are in very low abundance.

Lastly, we examined how the microbial composi-
tion of the HuM mice compared relative to each other. 
Dendrogram clustering confirms independent and signifi-
cant different clustering of each of the HuM groups (HuM1-
HuM5) (Figure 4E). Interestingly, responder mice HuM2 
and HuM3, cluster closely together compared to the other 
HuM mice (Figure 4E red and green shading). Overall, 
these results confirm that each of the HuM mice have dif-
ferent microbial communities that may influence response 
to immunotherapy, and that responder mice HuM2 and 
HuM3 cluster closely together indicating similarities in the 
microbiome composition and a potential mechanism to 
predict response to therapy in the GBM model.

Discussion

We have recently found that transplanting gnotobiotic 
mice with human fecal samples results in a unique novel 
system of humanized microbiome mice.20,30 These mice 
are successfully colonized by human fecal microbes and 
maintain strain level identity and composition following 
breeding. We used 5 different individual healthy donors 
to establish 5 unique humanized microbiome mouse lines 
(HuM1-HuM5).20 Each line has a unique and significantly 

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data
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mice are shown. Averages for each HuM strain are shown (n = 4 mice per group). (B) The top 5 species are listed for each of the HuM mice. (C) 
A Venn diagram representing shared and unique microbial species among the 5 HuM groups. (D) Pairwise comparison matrix for the 5 HuM groups. 
Additional shared microbes between 2 or more HuM groups are shown in Supplementary Table 3. (E) Bray-Curtis dendrogram analysis represents 
significant and distinct clusters specific to each group. HuM2 and HuM3 cluster groups are highlighted in red and green, respectively.
  

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data


9Dees et al. Humanized microbiome mice and therapy response in glioma
N

eu
ro-O

n
colog

y 
A

d
van

ces

different microbiome composition compared to each 
other. We utilized healthy human control stool samples 
rather than patient (diseased) stool samples to first un-
derstand how human microbes affect tumor growth and 
response to therapy before assessing how a dysbiotic 
microbiome would affect these processes. We found 
that intracranial injection of HuM mice with GL261 cells 
resulted in successful formation of tumors in all 5 HuM 
lines, and the mice succumbed to tumor growth in un-
treated or vehicle control treated conditions. This is the 
first report to test the growth of tumors in mice that are 
colonized with human microbes in the GI tract. We did not 
see any overt differences in tumor growth rates among the 
5 HuM mice when injected with GL261 cells, due to sim-
ilar survival curves and median survival times as shown 
in Figure 2F. Others have reported that differences in the 
composition of the mouse gut microbiome can influence 
baseline tumor growth rate of melanoma flank tumors,15 
but in the HuM1-5 mice using the GL261 model, we did 
not observe different growth rates. Interestingly, a recent 
report indicated that levels of genus Bacteroides change 
during murine glioma growth.31 We did not observe any 
significant changes in our humanized microbiome mice 
during tumor growth, which could have been due to dif-
ferences in murine and human microbiome profiles in 
the mice, but we will assess this in more detail in future 
experiments.

Instead, we found that the various microbial com-
munities in the HuM mice resulted in different thera-
peutic responses to anti-PD-1 in tumor bearing mice. We 
first confirmed what others have reported, using murine 
microbiome mice as controls, that treatment with anti-PD-1 

prolongs survival in mice with GL261 intracranial tumors 
(Figure 3A). For the HuM mice, we found that HuM2 and 
HuM3 mice similarly displayed significant prolonged sur-
vival when treating with anti-PD-1 compared to isotype 
control. This indicated that for HuM2 and HuM3 mice, sim-
ilar to MuM mice, treatment with anti-PD-1 promoted a 
strong anti-tumor response which resulted in decreased 
tumor growth rate and prolonged survival. However, when 
treating tumor bearing HuM1, HuM4, and HuM5 mice with 
anti-PD-1, a survival benefit was not observed, and the 
mice were resistant to the therapeutic anti-tumor immune 
effects of anti-PD-1 treatment. These mice are genetically 
identical to the HuM2 and HuM3 mice, and only differ in 
the composition of the gut microbiome. This indicated 
that the microbiome composition of HuM1, HuM4, and 
HuM5 led to an inability of anti-PD-1 to boost an immune 
response to attack the tumor. Coincidentally, this com-
plete resistance and failure of anti-PD-1 to decrease tumor 
growth and prolong survival is what is observed in GBM 
patients. Therefore, these resistant microbiome mice are 
perhaps a better mouse model to study and screen ther-
apies for GBM.

The varying efficacy to immunotherapy in the HuM 
mice was only observed in response to anti-PD-1, as the 
HuM mice were still responsive to the chemotherapy TMZ 
(Supplementary Figure 2). This is expected, as TMZ is an 
alkylating agent and directly targets proliferating GBM 
cells, while anti-PD-1 acts to block the immunosuppres-
sive signals in T-cells, leading to an increased inflammatory 
anti-tumor response and in the end an indirect manner of 
tumor cell targeting and killing. Others have reported that 
the dosage of TMZ can dampen the efficacy of anti-PD-1 

  
Table 1. Taxa Unique to Each HuM Line

HuM1 HuM2 HuM3

Bacteroides_massiliensis Alistipes_senegalensis Anaerotruncus_unclassified

Clostridium_difficile Alistipes_sp_HGB5 Bacteroides_faecis

Clostridium_glycolicum Bacteroides_caccae* Bacteroides_fragilis

Collinsella_intestinalis Bacteroides_clarus Clostridium_innocuum

Collinsella_unclassified Bacteroides_coprocola* Enterococcus_avium

Eubacterium_biforme Bacteroides_finegoldii  

Oscillibacter_sp_KLE_1728 Comamonas_unclassified  

Paraprevotella_clara Delftia_acidovorans  

Paraprevotella_unclassified Delftia_unclassified  

Paraprevotella_xylaniphila Ruminococcus_obeum  

 Subdoligranulum_sp_4_3_54A2FAA  

HuM4 HuM5  

Bifidobacterium_longum Bacteroides_salyersiae  

Clostridium_leptum Erysipelotrichaceae_
bacterium_5_2_54FAA

 

Coprobacillus_sp_D6 Roseburia_unclassified  

Lachnospiraceae_bacterium_1_4_56FAA   

Oscillibacter_sp_KLE_1745   

*Top 5 relative abundant microbe.

  

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data
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in mouse models,32 and that high-dose TMZ results in 
lymphopenia and anti-PD-1 is no longer able to boost an 
anti-tumor immune response. We employed a low dosage 
of TMZ in our studies, and to date have not tested combina-
torial efforts of TMZ and anti-PD-1. Ultimately, the varying 
responses to anti-PD-1, and not TMZ, in the HuM mice con-
firm that there is a unique relationship between immune 
cells and microbial gut communities, which influences the 
competency of the immune system to further activate an 
anti-tumor response.

In looking more closely at the responder microbiome 
mice (HuM2 and HuM3), we found that B. cellulosilyticus 
was a top 5 microbe in both of these mice. There is very 
little evidence defining the function of B.  cellulosilyticus, 
however, an extensive functional analysis has been per-
formed on a specific strain, B.  cellulosilyticus WH2.33 In 
this report, it was discovered that B. cellulosilyticus WH2 
was an extraordinary carbohydrate metabolizer and perse-
vered in the guts of mice regardless of diet. However, it is 
not known how this particular microbe interacts with the 
immune cells of the gut or other potential anti-tumor ef-
fects. For HuM2 specifically, we observed an abundance 
of B. caccae that was both high in relative abundance (top 
5) and exclusive to only HuM2 mice. A recent report also 
listed B. caccae as a microbe enriched in cancer patients 
with a positive response to anti-PD-1, indicating a potential 
link to our findings, but further functional validation of the 
specific strain of B. caccae found in the HuM2 mice must 
be performed to confirm.34 In our system, direct immune 
interactions or metabolites produced from these microbes 
in both HuM2 and HuM3 mice may have systemic effects 
in boosting an immune response, but this has yet to be 
confirmed.

In order to reverse the resistance from a resistant or 
nonresponder microbiome, others have reported that in-
dividual microbial species can assist in boosting an anti-
tumor immune response.14,15,34–36 However, others report 
that it is a consortium of bacteria that exert maximal im-
mune boosting effects.16 On the other hand, a recent re-
port found that higher percentages of baseline colonic 
CD8+ T-cells did not result in fewer colitis-induced tumors.29 
Lastly, a recent paper by D’Alessandro et al., found that ad-
ministering antibiotics altered the microbiome of mice, re-
duced the percentage of cytotoxic cells NK (CD27+ CD11b+) 
leading to an increase in glioma size, with no difference 
in the frequency of infiltrating lymphocytes (CD45+ CD3+ 
T-cells).37 All of these reports indicate how complicated the 
role of the microbiome is in tumor immune interactions. In 
a preliminary experiment, we have found that the presence 
of microbes in HuM2 mice is required for the positive effect 
of anti-PD-1 (Supplementary Figure 3). Treating mice with a 
cocktail of antibiotics prevented the efficacy of anti-PD-1 in 
the HuM2 mice, indicating that HuM2 microbes need to be 
present to assist the immune response and effectiveness 
of anti-PD-1. Additionally, we have attempted rescue ex-
periments and found that antibiotic depletion followed by 
responder microbiome fecal microbial transplant (HuM2 
FMT) did not result in rescue of the resistance to anti-PD-1 
in the HuM1 mice (Supplementary Figure 4). Similarly, it 
was reported that FMT or co-housing experiments resulted 
in an intermediate tumor phenotype,29 and that reversing 
microbiome profiles are robustly complicated and warrant 

much more investigation. Our rescue experiments are pre-
liminary, and a more thorough characterization of thera-
peutic capabilities will be assessed in future studies.

Although our study represents the first report of human 
microbiota affecting response to immunotherapy in a 
mouse model of GBM, there are limitations to our findings. 
Unfortunately, due to our small sample size we do not have 
the evidence of a microbiome signature that could be of 
clinical translational relevance. In the HuM mice, we found 
that 2 of the 5 HuM lines (40%) demonstrated a positive re-
sponse to anti-PD-1, which is not what was observed in the 
CheckMate 143 clinical trial.5,6 Future studies will examine 
whether this discrepancy is due to the human microbiota 
being from healthy donors (and not from GBM patients) 
or if this is a result of the properties of the GL261 cell line. 
The GL261 cell line is a highly mutated cell line, a termed 
“hot” tumor, that is more readily discovered and elimin-
ated by the immune response when activated. GBM pa-
tient tumors generally exhibit a low mutational burden, a 
termed “cold” tumor, that is more likely undetected from 
immune cells even when activated by exogenous immu-
notherapy interventions.4 Furthermore, we hypothesize 
that the results of our study may be due to differences in 
immune activation from peripheral response data, but we 
have not assessed immune activation in the tumors of the 
mice. Additional intratumoral immune responses should 
be analyzed to determine adequate anti-tumor immune 
responses for the responders (HuM2 and HuM3) and ex-
amine potential exhaustion markers or lack of immune 
response in the resistant lines (HuM1, HuM4, and HuM5). 
A recent report demonstrated that fecal transplants from 
responder donors is safe and feasible, but correlating 
tumor responses to the influx of T-cells and other immune 
cells is still somewhat contentious.38 Interestingly, a pe-
ripheral immune response is being considered as a poten-
tial biomarker to assess intratumoral immune responses,39 
but studies need to be performed to assess feasibility and 
validation of this approach. Lastly, the mouse microbiome 
is also a positive responder to anti-PD-1. This may be due 
to intrinsic stability of the mouse immune system and na-
tive mouse microbiota. A complicating limitation is that the 
mice are transplanted with human microbiota, but inevi-
tably the mouse immune system influences the anti-tumor 
response. A more relevant humanized immune mouse that 
has been transplanted with human microbiota could per-
haps shed light on this discrepancy.

In conclusion, we have found that human microbiota 
can influence the response to immunotherapy in a mouse 
model of glioma. Although the GL261 model has its lim-
itations, it is an immune competent model and allows 
us to understand the role of the immune system and re-
sponse to therapy in the humanized microbiome model. 
Understanding how microbes affect immune cells of the GI 
tract and systemically is important to unravel how micro-
biota influence anti-tumor immune responses. The ques-
tion still remains of whether the “responsive” microbial 
communities in HuM2 and HuM3 can be therapeutically 
exploited, or if the “resistant” microbial communities in 
HuM1, HuM4, and HuM5 can be depleted and/or replaced. 
We have implemented a more clinically relevant model to 
study GBM as well as how the microbial communities can 
influence immune responses and anti-tumor therapies.

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab023#supplementary-data


11Dees et al. Humanized microbiome mice and therapy response in glioma
N

eu
ro-O

n
colog

y 
A

d
van

ces

Supplementary Material

Supplementary material is available at Neuro-Oncology 
Advances online.

Keywords

anti-PD-1 | glioblastoma | GL261 | immunotherapy | 
microbiome

Funding

This study was supported by the National Institutes of Health 
grants: R03NS116559 (B.C.M.); R01CA194414, R01NS057563, and 
P50NS108675 (E.N.B.); P30CA013148 (O’Neal Comprehensive 
Cancer Center Gnotobiotic Core, Microbiome Core, and Tissue 
Procurement Core); UAB Neuro-oncology Support Fund 
(B.C.M.); O’Neal Comprehensive Cancer Center-ACS-IRG grant 
(B.C.M.).

Acknowledgments

We thank Dr. Jeremy Foote, Emily Helman, Stacey Sinclair, and 
BJ Parsons in the gnotobiotic animal core facility; and Patty 
Williams, Susan Pruitt, and Kathy Sexton in the UAB Tissue pro-
curement core facility for tissue processing, sectioning and H&E 
staining.

Conflict of interest statement. The authors declare no conflict 
of interest.

Authorship Statement. K.J.D., H.K., B.C.M., E.N.B., and 
C.D.M.  conceived the study and wrote the manuscript; H.K., 
J.A.H., and D.K.C.  contributed bioinformatics analyses; K.J.D., 
J.F.H., and B.C.M. executed all mouse experiments; M.R.C. did 
the NextSeq DNA sequencing; L.B.N.  and E.N.B.  provided re-
agents and reviewed the manuscript. All authors approved the 
final manuscript.

References

1. Dunn  GP, Rinne  ML, Wykosky  J, et  al. Emerging insights into 
the molecular and cellular basis of glioblastoma. Genes Dev. 
2012;26(8):756–784.

2. Khalil DN, Smith EL, Brentjens RJ, Wolchok JD. The future of cancer 
treatment: immunomodulation, CARs and combination immunotherapy. 
Nat Rev Clin Oncol. 2016;13(5):273–290.

3. Hodi  FS, O’Day  SJ, McDermott  DF, et  al. Improved survival with 
ipilimumab in patients with metastatic melanoma. N Engl J Med. 
2010;363(8):711–723.

4. Sampson JH, Maus MV, June CH. Immunotherapy for Brain Tumors. J 
Clin Oncol. 2017;35(21):2450–2456.

5. Omuro A, Vlahovic G, Lim M, et al. Nivolumab with or without ipilimumab 
in patients with recurrent glioblastoma: results from exploratory phase 
I cohorts of CheckMate 143. Neuro Oncol. 2018;20(5):674–686.

6. Tatsuoka K, Taitt C, Zwirtes R, et al. Effect of nivolumab vs bevacizumab 
in patients with recurrent glioblastoma: the checkMate 143 phase 3 ran-
domized clinical trial. JAMA Oncol. 2020;6(7):1003–1010.

7. Cloughesy  TF, Mochizuki  AY, Orpilla  JR, et  al. Neoadjuvant anti-PD-1 
immunotherapy promotes a survival benefit with intratumoral and 
systemic immune responses in recurrent glioblastoma. Nat Med. 
2019;25(3):477–486.

8. Zhao  J, Chen  AX, Gartrell  RD, et  al. Immune and genomic correlates 
of response to anti-PD-1 immunotherapy in glioblastoma. Nat Med. 
2019;25(3):462–469.

9. Schalper  KA, Rodriguez-Ruiz  ME, Diez-Valle  R, et  al. Neoadjuvant 
nivolumab modifies the tumor immune microenvironment in resectable 
glioblastoma. Nat Med. 2019;25(3):470–476.

10. Bäckhed  F, Fraser  CM, Ringel  Y, et  al. Defining a healthy human gut 
microbiome: current concepts, future directions, and clinical applica-
tions. Cell Host Microbe. 2012;12(5):611–622.

11. Zhao  Q, Elson  CO. Adaptive immune education by gut microbiota 
antigens. Immunology. 2018;154(1):28–37.

12. Ma Q, Xing C, Long W, Wang HY, Liu Q, Wang RF. Impact of microbiota 
on central nervous system and neurological diseases: the gut-brain axis. 
J Neuroinflammation. 2019;16(1):53.

13. Jobin  C. Precision medicine using microbiota. Science. 
2018;359(6371):32–34.

14. Vétizou  M, Pitt  JM, Daillère  R, et  al. Anticancer immuno-
therapy by CTLA-4 blockade relies on the gut microbiota. Science. 
2015;350(6264):1079–1084.

15. Sivan A, Corrales L, Hubert N, et al. Commensal Bifidobacterium pro-
motes antitumor immunity and facilitates anti-PD-L1 efficacy. Science. 
2015;350(6264):1084–1089.

16. Tanoue  T, Morita  S, Plichta  DR, et  al. A defined commensal con-
sortium elicits CD8 T cells and anti-cancer immunity. Nature. 
2019;565(7741):600–605.

17. Speranza  MC, Passaro  C, Ricklefs  F, et  al. Preclinical investigation of 
combined gene-mediated cytotoxic immunotherapy and immune check-
point blockade in glioblastoma. Neuro Oncol. 2018;20(2):225–235.

18. Nguyen  TL, Vieira-Silva  S, Liston  A, Raes  J. How informative is 
the mouse for human gut microbiota research? Dis Model Mech. 
2015;8(1):1–16.

19. McFarland BC, Marks MP, Rowse AL, et al. Loss of SOCS3 in myeloid 
cells prolongs survival in a syngeneic model of glioma. Oncotarget. 
2016;7(15):20621–20635.

20. Koo H, McFarland BC, Hakim JA, et al. An individualized mosaic of ma-
ternal microbial strains is transmitted to the infant gut microbial com-
munity. R Soc Open Sci. 2020;7(4):192200.

21. Maynard  CL, Harrington  LE, Janowski  KM, et  al. Regulatory T 
cells expressing interleukin 10 develop from Foxp3+ and Foxp3- 
precursor cells in the absence of interleukin 10. Nat Immunol. 
2007;8(9):931–941.

22. Oksanen  J, Blanchet  FG, Friendly  M, et  al. vegan: Community 
Ecology Package. 2016. Available at https://CRAN.R-project.org/
package=vegan. Accessed November 28, 2020.

https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan


 12 Dees et al. Humanized microbiome mice and therapy response in glioma

23. Bray JR, Curtis JT. An ordination of the upland forest communities of 
southern Wisconsin. Ecol Monogr. 1957;27:325–349.

24. Murtagh F, ed. Multidimensional clustering algorithms. Vienna, Austria: 
Physika Verlag; 1985.

25. Oksanen J. Multivariate analysis of ecological communities in R: vegan 
tutorial. R package version. 2011;1(7):1–43.

26. Warnes G, Bolker B, Bonebakker L, et al. gplots: various R programming 
tools for plotting data. 2016. Available at https://cran.r-project.org/
web/packages/gplots/index.html. Accessed November 28, 2020.

27. Chen  H, Boutros  PC. VennDiagram: a package for the generation of highly-
customizable Venn and Euler diagrams in R. BMC Bioinformatics. 2011;12(1):1–7.

28. R Development Core Team. R: A  Language and Environment for 
Statistical Computing. 2016. Available at http://www.R-project.org/. 
Accessed August 2, 2013.

29. Yu AI, Zhao L, Eaton KA, et al. Gut Microbiota Modulate CD8 T cell responses 
to influence colitis-associated Tumorigenesis. Cell Rep. 2020;31(1):107471.

30. Kumar R, Maynard CL, Eipers P, et al. Colonization potential to reconsti-
tute a microbe community in patients detected early after fecal microbe 
transplant for recurrent C. difficile. BMC Microbiol. 2016;16:5.

31. Dono A, Patrizz A, McCormack RM, et al. Glioma induced alterations in fecal 
short-chain fatty acids and neurotransmitters. CNS Oncol. 2020;9(2):CNS57.

32. Karachi A, Yang C, Dastmalchi F, et al. Modulation of temozolomide dose 
differentially affects T-cell response to immune checkpoint inhibition. 
Neuro Oncol. 2019;21(6):730–741.

33. McNulty NP, Wu M, Erickson AR, et al. Effects of diet on resource uti-
lization by a model human gut microbiota containing Bacteroides 
cellulosilyticus WH2, a symbiont with an extensive glycobiome. PLoS 
Biol. 2013;11(8):e1001637.

34. Routy B, Le Chatelier E, Derosa L, et al. Gut microbiome influences effi-
cacy of PD-1-based immunotherapy against epithelial tumors. Science. 
2018;359(6371):91–97.

35. Matson V, Fessler J, Bao R, et al. The commensal microbiome is associ-
ated with anti-PD-1 efficacy in metastatic melanoma patients. Science. 
2018;359(6371):104–108.

36. Gopalakrishnan V, Spencer CN, Nezi L, et al. Gut microbiome modulates 
response to anti-PD-1 immunotherapy in melanoma patients. Science. 
2018;359(6371):97–103.

37. D’Alessandro  G, Antonangeli  F, Marrocco  F, et  al. Gut micro-
biota alterations affect glioma growth and innate immune cells 
involved in tumor immunosurveillance in mice. Eur J Immunol. 
2020;50(5):705–711.

38. Baruch EN, Youngster  I, Ben-Betzalel G, et al. Fecal microbiota trans-
plant promotes response in immunotherapy-refractory melanoma pa-
tients. Science. 2020;371(6529):602–609. Epub ahead of print. doi: 
10.1126/science.abb5920

39. Ratnam NM, Frederico SC, Gonzalez JA, Gilbert MR. Clinical correlates 
for immune checkpoint therapy: significance for CNS malignancies. 
Neuro Oncol. 2020;3(1):vdaa161. Epub ahead of print.

https://cran.r-project.org/web/packages/gplots/index.html
https://cran.r-project.org/web/packages/gplots/index.html
http://www.R-project.org/
https://doi.org/10.1126/science.abb5920

