
 
 

 

Supplementary Information 
 

 

Supplemental Figure 1 - GeneVector Similarity and Classification Performance with Simulated Batch Effects: 
A-B) Genes pairs were ranked by cosine similarity from embeddings generated from multiple training runs on the both 
the TICA dataset and subset datasets with artificially generated batch effect using four different normalization 
procedures (raw counts, normalized counts, log transformed counts, and normalized and log transformed counts). 
The distribution of ranks is shown for both co-expressed marker pairs in the full dataset (n=33984) and simulated 
dataset (n=14484) compared to mutually exclusive cell type marker pairs in the full dataset (n=224350) and simulated 
dataset (n=13632) (Methods: Co-expressed and Mutually Exclusive Markers). The center of the violin is denoted by 
the median, a single white circle. The thicker vertical bar of each violin is defined by the lower quartile (25th 
percentile) and the upper quartile (75th percentile). The thinner bar extends from the IQR range and represent the 
data points that fall within 1.5 times the interquartile range (IQR) from the lower and upper quartiles. The width of the 
violin represents kernel density estimation at the horizontal value. C-D) Accuracy using cell type markers for coarse 
cell types (T Cell, B/Plasma, and Myeloid) (Methods: Cell Type Assignment) are shown for both the TICA dataset 
(n=499) and subset datasets (n=158) with artificially generated batch effect for each normalization method. The 
center of the box plot is denoted by the median, a horizontal line dividing the box into two equal halves. The bounds 
of the box are defined by the lower quartile (25th percentile) and the upper quartile (75th percentile). The whiskers 
extend from the box and represent the data points that fall within 1.5 times the interquartile range (IQR) from the 
lower and upper quartiles. Any data point outside this range is considered an outlier and plotted separately. E) Log-
transformed total counts from batches in subset datasets with artificially generated batch effect. Two simulated 
batches were generated by randomly selecting half the cells (batch B1) in the TICA dataset with greater than 5000 
counts. Batch 1 (B1) counts were down sampled to half the original total counts and batch 2 (B2) was unaltered. 
 

 
 

Supplemental Figure 2: Run times for increasing number of cells for assigning a phenotype to each cell using five 
gene markers and the time needed to compute the mutual information for 1,000 genes. Both operations scale linearly 
with input size. Each time was computed on a subsample of the SPECTRUM dataset.  



 
 

 

 

 
 

Supplemental Figure 3: Gene module scores for all metagenes identified in interferon stimulated PBMCs. *Indicates 
additional gene membership. Metagenes programs can be found for each individual cell type and treatment condition 
including very small cell populations like Megakaryocytes (132 of 14,038 cells). Data available in Source Data. 
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141_SCORE: ZFYVE9, RP5-887A10.1, GBP5
5_SCORE: ISG15, RSAD2, TNFSF10, CXCL10, LY6E, IFIT2, IFIT3, IFIT1, IFITM3, OAS1*
4_SCORE: GBP1, RABGAP1L, CD38, LAP3, PLAC8, GLRX, SAMD9L, IRF7, OASL, COX5A*
103_SCORE: HLA-DMB, HOTAIRM1, CEBPD, USPL1
139_SCORE: GCLM, HSPA1B, MAP3K3
162_SCORE: CLIC2, MTMR9, NDUFAF6
59_SCORE: TYW3, RP11-572O17.1, AP3B1, RBM26, PLD4, LDLRAD4
127_SCORE: GPATCH4, TTC33, NMB, LILRA4
89_SCORE: GADD45A, CD1D, PHLDA2, RP11-35G9.3
152_SCORE: RP11-421L21.2, SLC9A7, ROBO3
137_SCORE: RP11-553L6.5, NOL6, SEPT4
143_SCORE: PIK3R4, SMAD5, RMI2
123_SCORE: ANKAR, RP11-440L14.1, ZNF395, DCSTAMP
76_SCORE: MTUS1, CHRNA6, RP11-326C3.12, RASL11A, GALR2
91_SCORE: ATF2, THAP4, CXCR5, DDHD1
177_SCORE: ZNF502, LRRC32
93_SCORE: BACH2, AC002456.2, TRAPPC2, ZNF121
160_SCORE: ZCCHC4, ZHX1, HPS4
163_SCORE: LGALS8-AS1, TAS2R14, ZNF382
100_SCORE: AC022182.3, SLC25A16, PGAM5, BRCA1
153_SCORE: MAP3K1, SSH1, EMP2
110_SCORE: ALKBH4, PLAU, TCTN3, PATZ1
88_SCORE: CCNB1, HMMR, SPATS2, CDKN3, NDC80
99_SCORE: RBP7, RAD18, TRIM16, NCLN
126_SCORE: TRIM62, CCNJ, TMEM231, LINC00176
182_SCORE: FAM50B, SIK2
131_SCORE: ABHD5, C3ORF17, SLC30A5, RCBTB2
165_SCORE: ARL6, ZNF248, IQCH-AS1
170_SCORE: PRDM1, LMBR1
30_SCORE: RP11-548P2.2, PPP1R17, PHF8, CASC7, PTGR1, AKR1C1, ZSCAN29, CCL3L1
109_SCORE: ITGAV, CAMK1, CDK19, TMCO3
36_SCORE: DHRS9, SPON2, GAPT, RP11-489E7.4, AQP3, IFNG, DUSP6
6_SCORE: S100A12, CXCL5, BANK1, TCEAL3, ANKRD22, SFXN3, TCP11L1, CLEC4E, MMP19, WDR73*
154_SCORE: QPCT, SGTB, CMIP
94_SCORE: WBP5, KCNE1L, ADM, NCOR2
38_SCORE: G0S2, PTX3, TNIP3, RP11-701P16.5, MAP3K4, TNS3, CCL23
34_SCORE: CXCL1, SPINK1, SCIN, BAALC, CSRP2, GJB2, CCL4L1
129_SCORE: IL19, ACSL6, SDC2, SYNJ1
104_SCORE: PLEKHA8, ATAD2, TCHP, SERPINB2
166_SCORE: AP4B1, ZNF846, ZNF419
187_SCORE: MAGI3
195_SCORE: RP11-582J16.5
149_SCORE: DNAJB4, HSD17B12, TNFAIP8L1
106_SCORE: TMCO4, KTI12, TMEM176A, CLEC12A
46_SCORE: FAM168B, CCL20, NKIRAS1, PIGG, BTN2A2, IL23A, MMP9
167_SCORE: ERMP1, RECK, ZNF700
164_SCORE: ZMYM1, ZNF623, FSTL3
105_SCORE: DGKQ, PXDC1, ZFP90, SLPI
180_SCORE: ZNF669, IDO2
53_SCORE: EFHC1, PSAT1, GADD45G, KRT86, FOS, S100B
86_SCORE: HEATR5B, SMKR1, FGFBP3, ANKRD42, ADNP
178_SCORE: LRRC61, RP11-819C21.1
39_SCORE: CCL28, HIST1H2AG, FGL2, CXCR3, PRSS23, IGSF9B, MEG3
51_SCORE: L1TD1, RPL39L, FAM172A, EDN1, SMAD7, TNNT1
168_SCORE: YTHDC2, BATF, LILRA5
14_SCORE: CTH, TMPPE, RP11-10C24.1, CCDC149, FOXP3, LINC00893, RP11-707M3.3, NCALD, IGFBP6, TBKBP1
183_SCORE: GLCCI1, CDADC1
158_SCORE: TOX, ZNF782, ZNF714
172_SCORE: S100PBP, CTA-293F17.1
82_SCORE: DNAJC25, DOLK, CREBZF, RPS6KB1, MIAT
22_SCORE: CLCN6, CLCN5, C9ORF41, ZFAND4, POLR3A, ROM1, FAM83D, LMNB2, ZGLP1
196_SCORE: RWDD4
7_SCORE: CD74, HLA-DRA, HLA-DRB1, HLA-DQA1, HLA-DQB1, HLA-DPA1, HLA-DPB1, TONSL, TXN, BBS1*
98_SCORE: CD83, HLA-DMA, IRF8, SYNGR2
78_SCORE: FAM213B, CD200, DUSP5, HAPLN3, NUFIP2
171_SCORE: PLAGL1, FAM76B
175_SCORE: CCDC50, NIPSNAP1
48_SCORE: CDKN2A, HEATR6, C17ORF58, FOXK2, SPIB, NRIP1
25_SCORE: PINK1, VPS8, IGJ, MFSD8, PERP, NCF1, AL928768.3, AC006129.4, IGLL5
96_SCORE: BASP1, GNPDA1, SGK1, BACE2
156_SCORE: CUL4B, TNFRSF13B, TMX3
54_SCORE: RP11-367G6.3, IL6, CASP5, HCAR3, CD79B, PPM1N
67_SCORE: SETDB1, LTA, TNF, SESN3, FAM195A, CD79A
13_SCORE: RAB3GAP2, HNRNPU-AS1, USP46, AK1, MS4A1, NAALADL1, CLEC4D, PIGB, UNKL, ZNF264
29_SCORE: BCL9, APBB2, RP11-706O15.3, SOWAHD, MYEOV, HERPUD1, CTD-2568A17.5, NLRP2
28_SCORE: ID3, MYC, SERPINA9, SLC27A2, NPW, CLUH, KLK1, MIR155HG
121_SCORE: LY9, IL10, METTL8, BTBD10
70_SCORE: DENND2C, SELENBP1, ITPKB-AS1, AP000487.5, AURKB, OSBP2
15_SCORE: SNCA, SMPDL3A, SLC25A37, CA1, HBB, HBG1, HBG2, HBA2, HBA1, FAM210B
111_SCORE: TMEM177, FRMD8, CCDC41, APPL2
188_SCORE: ZNF529
145_SCORE: NSG1, ADTRP, RP11-166O4.6
50_SCORE: TBL1XR1, GPRIN3, SNHG8, RP11-514O12.4, USP47, RP11-73E17.2
102_SCORE: PASK, LINC01094, KIAA1598, VASH1
136_SCORE: ZFAND2A, SCML1, DNAJB1
52_SCORE: PTBP2, HSPA6, NR4A2, CLK1, ANKRD37, ZNF331
3_SCORE: NTPCR, CENPA, CCR5, GPR171, FIGNL1, TXNRD1, C12ORF75, WDR61, CTCF, CDT1*
119_SCORE: PRKCZ, S1PR1, C2ORF69, ZMIZ1-AS1
174_SCORE: SYT11, DHX40
45_SCORE: JUN, LMNA, RGS1, LINC01004, TSC22D3, DDIT4, CEBPB
181_SCORE: TBC1D14, WTAP
90_SCORE: SNHG12, NIPA1, IL32, LAIR2
49_SCORE: MCOLN3, PRELID2, RP11-392P7.6, POLE, RGCC, GADD45B
122_SCORE: HMGB2, HIST1H4C, ITM2A, HN1
179_SCORE: NT5DC1, FUNDC1
169_SCORE: SEC61B, ALOX5AP
83_SCORE: HSPA5, PPA1, HSP90B1, WARS, SDF2L1
56_SCORE: SRM, BAG2, CAV1, RAB38, NME1, EXOSC5
37_SCORE: RGS2, REL, NOP58, SNHG15, DUSP4, IDI1, ZNF548
10_SCORE: ITM2C, EAF2, PARM1, MZB1, POU2AF1, CD27, ZNF664, TXNDC11, TNFRSF17, ACP5
27_SCORE: CACYBP, SRSF7, HSPD1, HSPE1, CHORDC1, HSPH1, HSP90AA1, SRSF2, PMAIP1
73_SCORE: LAD1, CREM, BIRC3, GPR183, CCR7
17_SCORE: WDR47, MLLT11, CMSS1, CSF2, EPHX2, KLF10, SMARCA2, SLC16A7, PIEZO1, SCARF1
2_SCORE: STMN1, CDC20, CENPF, ESCO2, CKS2, ZWINT, CDK1, MKI67, TUBA1B, NUSAP1*
95_SCORE: FRY, SNTB2, ZNF235, VPREB3
151_SCORE: SERPINH1, CD69, TLCD1
192_SCORE: SKP2
191_SCORE: SLC2A9
186_SCORE: PAXIP1-AS2
134_SCORE: HSPA1A, HSPB1, NFKBIA
62_SCORE: CSRP1, MGLL, VPS13A, LDB1, CCND1, PIBF1
19_SCORE: VAMP5, GATA2, CRHBP, SERPINB1, MYCT1, HOXA9, RP11-354E11.2, TPSAB1, PRSS57, KLF1
125_SCORE: CAPG, ZDHHC2, AVP, LILRB4
184_SCORE: MAEA, LGMN
60_SCORE: EGR4, BYSL, EGR3, GEM, IFI27, TEX9
148_SCORE: ZNF124, CD86, SERPINB9
120_SCORE: KMO, FOXN2, HLA-DQA2, IL27
135_SCORE: TMEM53, RGS16, LILRB2
150_SCORE: TIFAB, RNF38, SERPING1
16_SCORE: FCGR3A, AC093391.2, LST1, AIF1, MS4A7, C3AR1, SERPINA1, TVP23A, RASD1, CFD
33_SCORE: CCR9, MDC1, SRRM2-AS1, CXCL16, VMO1, TRIM37, IMPA2
72_SCORE: HES4, CD207, RDX, RP11-290F20.3, C5AR1
185_SCORE: GLUL, LINC00662
101_SCORE: SAT1, TYMP, SH3BGR, CSTB
107_SCORE: PLEK, CCL3, CCL4, CD40
157_SCORE: PRR16, CTSC, CCL13
55_SCORE: ALAS2, HBD, KRT1, AQP9, HBM, AHSP
159_SCORE: PANK3, SNX10, LILRA3
155_SCORE: FCGR1A, DNAAF1, C19ORF52
40_SCORE: TNFAIP6, CCR1, DEFB1, RGP1, SLC31A2, MS4A4A, DRAM1
80_SCORE: GPR157, RAMP1, HPSE, TMEM176B, EMP1
176_SCORE: VAV3-AS1, CCRL2
35_SCORE: MNDA, UCK2, LY75, RPA4, MS4A6A, PRC1, LGALS2
63_SCORE: SLAMF7, CXCL11, FAM26F, IDO1, TNFSF13B, APOBEC3A
97_SCORE: STEAP4, KCNMA1, PROSER1, CCL8
65_SCORE: IL1RN, CTD-2256P15.2, C11ORF63, KLRC2, METTL7B, C22ORF42
130_SCORE: FCHO2, MAP3K5, SDS, C17ORF70
142_SCORE: KLF4, IL18, APOBEC3B
41_SCORE: IL24, CTSB, CTSL, FCN1, IGSF6, CCL2, HMOX1
43_SCORE: PLA2G7, CTSD, CCL7, ZNF627, IL4I1, ATF5, DERL3
140_SCORE: ZMYM4, AMICA1, MGST1
58_SCORE: CYP27A1, AGPAT9, INHBA, CD9, NQO1, EBI3
132_SCORE: MARCKSL1, CCDC30, RMDN2, DPPA4
77_SCORE: FPGT, BUB1, ACAD9, SLC7A11, CFP
81_SCORE: IL1B, DNASE1L3, PHC1, OLR1, PHLDA1
57_SCORE: CALCRL, FSCN1, PTGDS, ALDH2, CKB, CCL22
32_SCORE: TNFRSF4, FCER1A, IL1R2, PKIB, GSN, PRKCDBP, CLEC10A
75_SCORE: RCC2, TFPI, HLA-DRB5, CD36, C12ORF45
79_SCORE: RHOC, FAM135A, CPVL, FABP5, RP11-472G21.2
85_SCORE: TSPAN2, FAM49A, DAPP1, INSIG1, BCL2A1
64_SCORE: PID1, CLEC5A, CA2, CCNA1, SLC39A11, ZADH2
74_SCORE: FUCA1, GPNMB, PLIN2, CD163, KIAA0930
87_SCORE: SPP1, TPST1, CST6, RNASE1, OSM
146_SCORE: VCAN, TGFBI, MIR29A
1_SCORE: TCEA3, S100A9, S100A8, AC062029.1, HES6, ZNF852, CD14, U91328.20, BEX1, RP11-318E3.9*
44_SCORE: REG4, CREG1, CYP1B1, CXCL3, CXCL2, SLC25A45, THBS1
147_SCORE: DUSP1, RP11-5C23.1, TNFRSF10A
0_SCORE: S100A10, S100A4, GPX1, ANXA5, SOD2, ACTB, ANXA1, PSAP, TALDO1, FTH1*
20_SCORE: FCER1G, KYNU, IL8, TIMP1, NINJ1, LYZ, C15ORF48, CST3, TYROBP, PLAUR
92_SCORE: RP11-390P2.4, LTA4H, MSLN, LRG1
47_SCORE: PALLD, HPGD, PPIF, TLDC1, SSH2, STK35
173_SCORE: ATP2B1, RETN
71_SCORE: RGS18, DUSP2, ADAMDEC1, IRG1, RAB20, MAP3K7CL
113_SCORE: TUBA4A, BEX5, SOCS2, CERS4
26_SCORE: OXTR, CYTL1, LNX1, EFNA5, RP11-328M4.2, GATA1, TSPAN15, NUDT13, GP6
118_SCORE: RP11-169K16.9, FANCL, NGFRAP1, ALDH1A1
69_SCORE: SPARC, HIST1H2AC, ESAM, MT1X, CPNE2, MYL9
31_SCORE: PDZK1IP1, NEXN, LINC00152, PTCRA, SAC3D1, CLEC1B, TSC22D1, CMTM5
144_SCORE: TMEM40, GP9, RP11-752G15.6
9_SCORE: SDPR, PF4, PPBP, GNG11, LRRN3, NRGN, ACRBP, MYL4, MMD, TUBB1*
117_SCORE: ICOS, TREML1, CLU, MLH3
18_SCORE: RP11-117D22.2, WNT10A, PNOC, CCL19, FUT7, SCT, MAP1A, SMPD3, MYBL2, BIK
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24_SCORE: CCDC18, XCL2, XCL1, FASLG, PHC3, IER3, L3MBTL3, PRF1, KLRC1
23_SCORE: GNLY, TRAT1, TIGD2, LTB, SGCE, GZMB, CCL5, CCDC102B, NKG7
115_SCORE: SENP7, TMEM218, KLRD1, C19ORF59
8_SCORE: AC079767.4, HES1, EGR1, PRR7, RAB11FIP1, ARL5B, EGR2, CTSW, NR4A1, NDEL1*
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Supplemental Figure 4 – Differentially Expressed Genes for Reclassified Cells in SPECTRUM Dataset: A) 
Differentially expressed genes in cells classified as fibroblast cells that were classified as cancer using CellAssign 
highlights the COL1A1. B) Differentially expressed genes in cells classified as B/Plasma cells that were classified as 
T cells using CellAssign highlights the genes IGKC and IGLC2. C) Differentially expressed genes in cells classified as 
Myeloid cells that were classified as B/Plasma using CellAssign highlights the genes TYROBP, AIF1, CD4, and LYZ. 

 

 
 
Supplemental Figure 5 – Comparison of Gene Membership in Metagenes Identified by GeneVector with PCA 
Loadings: A) Percentage of Reactome pathways where gene pairs from the PCA-based MHCI metagene were found 
together. B) Gene membership in MHCI metagene over multiple Leiden resolution values highlights robust clustering 
of HLA genes and non-pathway specific genes. C) Gene membership of MHCI metagene generated from 
GeneVector robustly selects HLA specific genes.  D) Differentially expressed genes up regulated in adnexa includes 
non-specific pathway genes alongside MHCI genes. Data available as Source Data. 
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Supplemental Figure 6 – Benchmarking Metrics for GeneVector Batch Correction in PBMCs: A-D) 
Benchmarking metrics on a subset of the PBMC dataset with varying ratios of CD14+ monocytes and CD4 T cells 
includes Adjusted Rand Index (ARI), cLISI, kBET, and silhouette score. E-F) Silhouette coefficient score over cell 
type and batch for different L1 distances of cell type proportion between stimulated and control batches. G-H) 
Silhouette score over batch label computed within each cell type for uncorrected and corrected embeddings. I) 
Distribution of L1 norm distances over the number of conserved cell types between batches after random down 
sampling (n=4559). The center of the violin is denoted by the median, a single white circle. The thicker vertical bar of 
each violin is defined by the lower quartile (25th percentile) and the upper quartile (75th percentile). The thinner bar 
extends from the IQR range and represent the data points that fall within 1.5 times the interquartile range (IQR) from 
the lower and upper quartiles. The width of the violin represents kernel density estimation at the horizontal value. J-L) 
Cosine similarity of batch correction vector to ISG vector, CD14 monocyte vector, and CD4 T cell vector for varying 
ratios of CD14+ monocytes and CD4 T cells. Data available as Source Data. 
 


