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            Abstract
Molecular alterations in genes involved in DNA mismatch repair (MMR) promote cancer initiation and foster tumour progression1. Cancers deficient in MMR frequently show favourable prognosis and indolent progression2. The functional basis of the clinical outcome of patients with tumours that are deficient in MMR is not clear. Here we genetically inactivate MutL homologue 1 (MLH1) in colorectal, breast and pancreatic mouse cancer cells. The growth of MMR-deficient cells was comparable to their proficient counterparts in vitro and on transplantation in immunocompromised mice. By contrast, MMR-deficient cancer cells grew poorly when transplanted in syngeneic mice. The inactivation of MMR increased the mutational burden and led to dynamic mutational profiles, which resulted in the persistent renewal of neoantigens in vitro and in vivo, whereas MMR-proficient cells exhibited stable mutational load and neoantigen profiles over time. Immune surveillance improved when cancer cells, in which MLH1 had been inactivated, accumulated neoantigens for several generations. When restricted to a clonal population, the dynamic generation of neoantigens driven by MMR further increased immune surveillance. Inactivation of MMR, driven by acquired resistance to the clinical agent temozolomide, increased mutational load, promoted continuous renewal of neoantigens in human colorectal cancers and triggered immune surveillance in mouse models. These results suggest that targeting DNA repair processes can increase the burden of neoantigens in tumour cells; this has the potential to be exploited in therapeutic approaches.
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                    Figure 1: Effect of MLH1 inactivation in colorectal and pancreatic mouse cancer cells.[image: ]


Figure 2: Effect of MMR inactivation on treatment with immuno-modulatory antibodies.[image: ]


Figure 3: Measurements of neoantigen load and TCR profiles.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Microsatellite profiles of mouse cancer cell lines and Mlh1 alterations in genome-edited CT26 cells.
a, The microsatellite profile of the indicated cell lines was compared to the germline DNA of the corresponding mouse strain, as described in the Methods. CT26 and TS/A were compared to BALB/c. MC38 was compared to C57BL/6, and PDAC was compared to FVB/N. b, Exome sequencing data were used to identify molecular alterations of the Mlh1 sequence in the indicated cell models. Alignment of sequence reads showed deletions of the Mlh1 gene after gene editing using sgRNA2 and sgRNA3 guides. The clone generated by editing with guide 2 (KO1) carried a deletion of 8 base pairs that induced multiple frameshifts. Guide 3 (KO2) produced a deletion that resulted in a frameshift of nine codons. Two further clones obtained with guide 3 (KO3 and KO4) also had two insertions, and KO3 carried two additional deletions; the effects of these changes are frameshifts. The upper sequence corresponds to the mouse reference assembly mm10. c, Western blot analysis of the indicated CT26 and PDAC cell lines. For western blot source data, see Supplementary Fig. 1; we show a representative experiment of the routine western blots performed to validate gene editing.


Extended Data Figure 2 Effect of MLH1 inactivation in MC38 and TS/A cell lines.
a, Expression of the MLH1 protein in MC38 control and the indicated Mlh1-knockout clones. The indicated MC38 cell models were injected subcutaneously (105 cells) into NOD–SCID mice (n = 5, left) and into syngeneic C57BL/6 mice (n = 5, right). Mean ± s.e.m., independent samples. Statistical analysis: two-tailed Student’s t-test. b, Mlh1 in TS/A cells was edited with the indicated guides. One hundred and twenty days after the establishment of the knockout, cells were injected subcutaneously in NOD–SCID mice (5 × 105 cells per mouse, n = 7 mice) and the growth was monitored until the mice were euthanized (left). These TS/A cells were injected subcutaneously (5 × 105 cells per mouse; middle, n = 5 mice) and orthotopically (5 × 105 cells per mouse; right, n = 7 mice) into syngeneic BALB/c mice. For western blot source data, see Supplementary Fig. 1. The growth was monitored until the mice were euthanized. Mean ± s.e.m., samples were independent. Statistical analysis: two-tailed Student’s t-test. Western blots in a and b are representative of at least two experiments.

                          Source data
                        


Extended Data Figure 3 Effect of MLH1 inactivation on microsatellite instability in mouse tumour cell lines.
The MSI status was evaluated by comparing mononucleotide repeats of CT26 (upper left), MC38 (lower left), PDAC (upper right) and TS/A (lower right). The mononucleotide regions Bat64, L24372-A27 and U12235-A24 were used to evaluate microsatellite instability.


Extended Data Figure 4 Growth of CT26, MC38, TS/A and PDAC cell lines and Cas9 expression in CT26 cells.
The growth of the indicated cell models was measured with CellTiter-Glo at the indicated time points. Arbitrary units represent the ratio between the signal at each time point and at time zero. All data are presented as mean (six technical replicates in the same experiment) ± s.d. CT26, MC38, TS/A cells were plated at 1,000 cells per well. PDAC cells were plated at 5,000 cells per well. a, The growth of CT26, MC38, TS/A and PDAC cells that stably expressed Cas9 was measured as described. b, As in a, but with CT26 and PDAC cells that transiently expressed Cas9. The MSI status was evaluated as in Extended Data Fig. 3 for CT26 and PDAC cells generated by transiently expressing Cas9. The mononucleotide regions Bat64 and U12235-A24 were used to evaluate microsatellite instability. c, The indicated CT26 clones, generated by constitutively or transiently expressing Cas9, were tested for Cas9 expression by western blot analysis. To verify the loss of Cas9, we performed one experiment. For western blot source data, see Supplementary Fig. 1.


Extended Data Figure 5 T-cell infiltration in tumours generated with CT26 cells that constitutively and transiently express Cas9.
a, Immunofluorescence of CD8+ cells in control and Mlh1-knockout clones shown in Fig. 2a. Staining was performed on Mlh1-proficient and Mlh1-deficient tumours to assess CD8 and IFNγ levels. b, Immune infiltrates (CD45+, CD4+ and CD8+) were measured by FACS analyses in the indicated tumour samples (n = 5). The percentage of CD45+ cells relative to total live cell events (one million events were acquired per sample) is shown. The percentage of CD4+ and CD8+ cells is given relative to CD45+ cells. c, Immune infiltrates (CD4+ and CD8+) were measured by FACS analyses in the indicated samples (3 mice per group). The percentage of CD8+ and CD4+ T cells is calculated relative to total live CD45+ cells. d, Immunofluorescence of DAPI and CD8+ T cells in the indicated tumour samples. In a and d, the images are representative sections from one mouse. The staining was performed on four independent mice. e, Percentage of CD45+ (relative to total live cells), CD8+ and CD4+ (relative to CD45+ live cells) is shown for all mice included in the experimental arm (5 mice per group). For b and e, we analysed the data with a two-way ANOVA. All data are presented as mean ± s.d.


Extended Data Figure 6 In vitro neoantigen evolution of CT26 cells that constitutively expressed Cas9.
Exome data of the indicated CT26 cells were analysed over time. Coding variants identified by exome sequencing were calculated as in Fig. 3a and described in the Methods. Private, shared and common neoantigens are defined as in Fig. 3a. First time point, 30 days post-Mlh1 knockout; second time point, 120 days post-Mlh1 knockout; and third time point, 210 days post-Mlh1 knockout.


Extended Data Figure 7 Clonal and sub-clonal mutational and neoantigen profiles in CT26 cells.
a, Mutational load of the sub-cloned and non-sub-cloned CT26 calculated at 133 and 246 days, respectively, post-Mlh1 knockout. The number of mutations was obtained considering SNVs and indels. Each bar shows the mutations per Mb, and the expressed private neoantigens obtained from a single exome sequencing of the represented clones. b, Allele frequency distribution of SNVs and frameshifts of the indicated clones. Each violin represents a clone of the CT26 cell line. The violins are described in Fig. 3b. c, Number of private and shared neoantigens (SNVs and indels) before injection of CT26 control (Ctrl) and Mlh1-knockout (pre-injection) in syngeneic animals, and 20 days later (post-injection). d, Distribution of the 20 most-frequent TCR rearrangements, identified in peripheral blood from four mice injected with the indicated CT26 clones. The TCR analysis was performed on blood samples obtained 13 days after injection of the tumour cells, as described in the Methods. Violin plots are described in the legend of Fig. 3b.


Extended Data Figure 8 Effects of pharmacological agents on CT26 and MC38 clones.
a, b, CT26 cells (a) and MC38 cells (b) were plated in complete medium in 24-well plates, at 1,000 cells per well. The next day drugs were added in serum-free medium. After seven days, cells were fixed and stained with crystal violet. Crystal violet was then dissolved and quantified by spectrophotometer. All data are presented as mean (four technical replicates in the same experiment) ± s.d. The figure is representative of at least two independent experiments.


Extended Data Figure 9 TMZ-dependent effects on mouse cell lines.
a, Tumour-forming ability of CT26 (left) and MC38 (right) cells, treated or not treated with TMZ. Cells were injected subcutaneously (5 × 105 cell per mouse, n = 5 mice, left; n = 4 mice, right) into syngeneic mice. Mean ± s.e.m. (independent samples, one representative experiment of two performed). The statistical analysis applied was a two-tailed Student’s t-test. b, Exome data of the indicated cell models were compared to one another to assess mutational load (SNVs and indels) and predicted neoantigens. Mutations per Mb (left) and predicted private neoantigens (right) are listed. c, CT26 and MC38 cells were treated for four months with 100 μM of TMZ until resistant populations emerged; at this point, DNA was extracted and cells were analysed for microsatellite status. The corresponding cell lines before TMZ treatment were used as a comparison. The mononucleotide regions Bat64, AA003063-A23 and U12235-A24 were used to evaluate microsatellite instability. d, MLH1 protein expression in CT26 and MC38 cells before and after TMZ exposure (one representative experiment of two performed). e, Exome sequencing data were used to identify molecular alterations of the Mlh1 sequence. Alignment of sequence reads showed a deletion of 5 and 19 base pairs, respectively, that generated a frameshift and a premature termination codon (p.D64fs*39 c.187delGACAA, p.I59fs*78 c.174delAATTCAGATCCAAGACAAT).

                          Source data
                        


Extended Data Figure 10 TMZ-dependent effects on human cancer cells.
a, Forty-seven CRC cell lines were tested with TMZ in long-term colony forming assays, from which half-maximal inhibitory concentration (IC50) values were obtained. MGMT promoter methylation status (from microarray probe number cg12434587), gene expression (normalized Z-score) and MSI status of each cell line are also annotated. **, IC50 obtained through dissolution of clonogenic assay, crystal violet staining and assessment of the absorbance. The dotted line corresponds to 12.5 μM, which is the plasmatic concentration reported in patients. b, The indicated CRC cell lines (before and after they developed resistance to TMZ) were tested for MGMT level by western blot. The MGMT expression is representative of at least two experiments. For western blot source data, see Supplementary Fig. 1. c, Sensitivity to TMZ treatment of six cell lines, before and after the acquisition of drug resistance. d, Mutations per Mb in parental and TMZ-resistant cells at the indicated time points (left). Predicted private neoantigens found only in cells collected at 20 days (right). The table lists the variations of MMR genes found only in TMZ-resistant cells. e, Clinical characteristics of patients with metastatic CRC that had acquired resistance to TMZ treatment are indicated. All patients had histologically confirmed metastatic CRC, with MGMT promoter methylation assessed by methylation-specific-PCR and mismatch repair-proficient status assessed by both immunohistochemistry and multiplex PCR (all analyses were carried out as per standard practice using archival tumour samples obtained prior to any treatment). CAPTEM, capecitabine plus TMZ (clinical trial number NCT02414009); TEMIRI, TMZ plus irinotecan; SD: stable disease; PR: partial response. f, MGMT immunohistochemical expression and mutational load (mutations per Mb) in tissue biopsies of patients with metastatic CRC, before and after TMZ-based therapy. The table lists alterations in MMR genes that were present only in tissue biopsies obtained at progression post-TMZ treatment. n.a., data not available. Patient identifiers (Pt.), genes and amino acid changes, effects of variations and allele frequencies are listed. Fisher’s exact test was performed to calculate the significance (P < 0.05).
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Supplementary Table 1 - List of predicted neoantigens in murine and human cell lines. 
As described in details in the M&M section, output calculations from exome data and RNAseq expression analyses were combined to generate predicted neoantigens. The lists (in excel format) reported here are based on the output from NetMHC4.0. The excel file incudes: gene, accession number, chromosome coordinates, nucleotide change, amino-acidic change, allele frequency, predicted antigenic peptide and number of different epitopes generated. The amount of generated epitopes (N. family) in each datasheet of the excel file indicates the total number of neoantigens (private, shared and common) present in the indicated time-point. For constitutively and transiently Cas9-expressing CT26 cells, time points correspond to those listed in Figure 3a. For RCM1, SW620 and SCKO1 the time points are described in Fig.4e. Whenever multiple peptides, obtained from the same variation, were identified, the best ranking ones are specified. (XLS 3854 kb)
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Inactivation of DNA repair is a common oncogenic process, which increases mutational load in tumours and promotes growth. The authors show that, consistent with the notion that increased mutational load can enhance the immunogenicity of tumours, inactivation of a form of DNA repair called mismatch repair (MMR) can increase the number of neoantigens in tumours. In mice, an increase in neoantigens from MMR inactivation triggered an increase in immune surveillance. MMR inactivation can happen after some forms of chemotherapy, or can potentially be induced, which opens up the possibility of enhancing the effect of immunotherapy by increasing the genetic instability of tumours.
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